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BROADBAND UNIDIRECTIONAL
ULTRASOUND PROPAGATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims the benefit of U.S. Provi-
sional Patent Application No. 61/975,878 for “Broadband
Unidirectional Ultrasound Propagation Using Sonic Crystal
and Nonlinear Medium” which was filed on Apr. 6, 2014, the
entire contents of which application is hereby specifically
incorporated by reference herein for all that it discloses and
teaches.

STATEMENT REGARDING FEDERAL RIGHTS

This invention was made with government support under
Contract No. DE-AC52-06NA25396 awarded by the U.S.
Department of Energy. The government has certain rights in
the invention.

BACKGROUND

The study of sound propagation with super-directivity is
important for applications ranging from medical imaging,
underwater communication, ultrasonic imaging through
opaque fluids, to nondestructive testing. In addition, unidi-
rectional and broadband communication using collimated
high-frequency sonar ultrasound beams (200 kHz-1 MHz)
through barrier walls is necessary for tamper-proof opera-
tion of underwater sensitive devices at ocean bottom that can
send information from the inside in a beam but ultrasound
signals cannot penetrate the device wall in the opposite
direction. Simple sound-proofing walls block sound waves
from both directions and are not usable for this purpose.

The oil and gas industry makes extensive use of both
unmanned underwater vehicles (UUV) and Remotely Oper-
ated Vehicles (ROV). ROVs are underwater robots that
allow the controller to be located on surface but are con-
nected via an umbilical link that houses communication
cables. As more advanced sensing and monitoring devices
are developed that are deployed on sea bed or under ocean,
it will become increasingly important to protect such com-
munication and make these devices secure and tamper-
proof.

The feasibility of an acoustic rectifier consisting of two
segments: a sonic crystal (alternating of water and glass),
and a nonlinear medium produced from a microbubble
suspension has been demonstrated. See, e.g., B. Liang et al.
in “An acoustic rectifier,” Nature Materials 2010; 9(12):
989-92. The sonic crystal was designed to behave as an
acoustic filter, and sound of frequency w enters the nonlinear
medium first and produces harmonics 2w that passes through
the subsequent sonic crystal, SC, acoustic filter, but blocks
the original signal. The pass bands were centered on 1.8 and
2 MHz with a width of approximately 150 kHz for each
band. However, when impinging on the opposite side, the
original frequency is blocked because of a band gap at that
frequency. Another apparatus for acoustic rectification has
been demonstrated. See, e.g., N. Boechler et al. in “Bifur-
cation-based acoustic switching and rectification”, Nature
Materials, 2011; 10(9): 665-8, where the interaction of
periodicity, nonlinearity, and asymmetry in a granular crys-
tal, are utilized, and which includes a statically compressed,
one-dimensional array of particles and a light mass defect
near a boundary. This apparatus was demonstrated for very
low-frequency (<15 kHz) sound transmission.
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A sonic crystal based on a shaped array of scatterer—steel
square-prism columns has also been reported. See, e.g.,
X.-F.Li et al. in “Tunable Unidirectional Sound Propagation
through a Sonic-Crystal-Based Acoustic Diode,” Physical
Review Letters, 2011; 106(8): 084301. In that apparatus, the
sonic crystal achieves unidirectional flow by means of
saw-tooth spatial asymmetry in the arrangement of columns.
However, the sound waves exiting that apparatus are not
parallel to those entering, and the transmitted sound waves
are narrow band and at low frequencies (<50 KHz). Tun-
ability can be achieved by mechanical manipulation of the
rods.

SUMMARY

Embodiments of the present invention overcome the
disadvantages and limitations of the prior art by providing a
passive apparatus and method for generating a broadband
unidirectional ultrasonic signal.

Another object of embodiments of the present invention is
to provide a passive, apparatus and method for generating a
broadband unidirectional ultrasonic signal for communica-
tions.

Still another object of embodiments of the present inven-
tion is to provide a passive apparatus and method for
generating a broadband unidirectional ultrasonic signal for
communications, wherein the output signal is collimated.

Additional objects, advantages and novel features of the
invention will be set forth in part in the description which
follows, and in part will become apparent to those skilled in
the art upon examination of the following or may be learned
by practice of the invention. The objects and advantages of
the invention may be realized and attained by means of the
instrumentalities and combinations particularly pointed out
in the appended claims.

To achieve the foregoing and other objects, and in accor-
dance with the purposes of embodiments of the present
invention, as embodied and broadly described herein, the
apparatus for generating a collimated acoustic signal having
a single frequency f, or a band of frequencies centered at f,,
from an input carrier signal having a frequency f>f,
amplitude modulated by f,, hereof includes: a low-loss
acoustic bandpass filter for receiving the modulated carrier
signal, and having a bandwidth larger than an amplitude
modulated sideband of the amplitude modulated f,; and an
acoustic nonlinear medium for receiving and demodulating
the amplitude modulated f, from the acoustic bandpass filter,
whereby a collimated acoustic signal having a frequency f,,
is generated.

In another aspect of embodiments of the present invention
and in accordance with its objects and purposes, the method
for generating a collimated acoustic signal having a fre-
quency f,, or a band of frequencies centered at f,,, from an
input carrier signal having a frequency f>f,, amplitude
modulated by f,,, hereof includes: passing the modulated
carrier signal through a low-loss acoustic bandpass filter
having a bandwidth larger than an amplitude modulated
sideband of the amplitude modulated f_; and demodulating
the bandpass filtered amplitude modulated f_ from the acous-
tic bandpass filter, whereby a collimated acoustic signal
having a frequency f,, is generated.

In still another aspect of embodiments of the present
invention and in accordance with its objects and purposes,
the apparatus for generating a collimated, unidirectional
acoustic signal having a frequency f,, or a band of frequen-
cies centered at f,, from an input carrier signal having a
frequency f>f, amplitude modulated by f£,, hereof
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includes: a low-loss acoustic bandpass filter for receiving the
modulated carrier signal, and having a bandwidth larger than
an amplitude modulated sideband of the amplitude modu-
lated f; an acoustic nonlinear medium for receiving and
demodulating the amplitude modulated f, from the acoustic
bandpass filter, whereby a collimated acoustic signal having
a frequency f,, is generated; and a low-pass acoustic filter for
preventing the carrier signal or the amplitude modulated
carrier signal from being transmitted through the apparatus
in the direction opposite to the generated collimated acoustic
signal.

In yet another aspect of embodiments of the present
invention and in accordance with its objects and purposes,
the method for generating a collimated, unidirectional
acoustic signal having a frequency f,, or a band of frequen-
cies centered at f,,, from an input carrier signal having a
frequency f>f,, amplitude modulated by f,, hereof,
includes: passing the modulated carrier signal through a
low-loss acoustic bandpass filter having a bandwidth larger
than an amplitude modulated sideband of the amplitude
modulated f_; demodulating the bandpass filtered amplitude
modulated f, from the acoustic bandpass filter, whereby a
collimated acoustic signal having a frequency f,, is gener-
ated; and passing the collimated acoustic signal having a
frequency f,, through a low pass filter, whereby the carrier
signal or the amplitude modulated carrier signal are pre-
vented from being transmitted through the bandpass filter in
the direction opposite to the generated collimated acoustic
signal.

Benefits and advantages of embodiments of the present
invention include, but are not limited to, providing an
apparatus and method for generating broadband unidirec-
tional ultrasound propagation, wherein (1) low-frequency,
<1 MHgz, sound is transmitted in only one direction, all other
frequencies of sound being blocked in both directions; (2)
the low frequency sound cannot be transmitted, but is
modulated with a high-frequency (MHz) signal, which
serves as a key without which no signal transmission occurs,
specially chosen for the requirement, as in the case of
underwater operation, or can be dynamically tuned; (3)
electrical power may be generated inside the enclosure from
the low frequency transmission using a piezoelectric con-
verter; (4) the transmitted low-frequency appears as a col-
limated beam (a few degrees of divergence even at audible
range, in air) available for directional communication or
sound transmission, whereas low-frequency sound gener-
ated in a conventional speaker, for example, spreads out
depending on its frequency, the lower the frequency, the
greater the spread; (5) the low-frequency range can be
selected by choosing the carrier frequency; (6) embodiments
of the invention incorporate a combination of an artificially
engineered material (metamaterial), such as phononic and
sonic crystals, as examples, and a nonlinear medium; and (7)
the components can be manufactured in large quantities and
in large sizes (areas).

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and form a part of the specification, illustrate the embodi-
ments of the present invention and, together with the
description, serve to explain the principles of the invention.
In the drawings:

FIG. 1A is a schematic representation of the principle of
unidirectional low-frequency sound transmission through a
passive wall as a collimated beam with high bandwidth,
illustrating that the low-frequency signal to be transmitted
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through the wall cannot penetrate the wall in either direction,
nor can any high-frequency carrier frequency alone by itself;,
rather, as seen in FIG. 1B, if the low-frequency signal is
modulated with a carrier frequency that based on the design
of the wall material, and transmitted, the wall demodulates
this modulated signal a produces a beam of the original
signal; the amplitude modulation can also be single-side-
band modulation, where there is only one sideband instead
of two thereby effectively doubling the bandwidth of the
signal that can be accommodated.

FIG. 2A is a schematic representation of an embodiment
of the apparatus of the present invention; FIG. 2B shows a
spectrum of the modulated input signal; FIG. 2C illustrates
the bandpass and bandgap of the sonic crystal; and FIG. 2D
shows the demodulated collimated signal, all for one direc-
tion, there being no sound transmission in the opposite
direction.

FIG. 3, graph (a) shows the theoretically predicted sound
transmission through the apparatus shown in FIG. 2 hereof]
including a sonic crystal composed of 7 layers of an alternate
structure made from glass microscope slides (25 mmx25
mmx1 mm) and 0.7 mm thick layer of FC-43, which
provides a composite of transmission bands due to the liquid
layers and the solid layers with the modulated signal entry
frequency window and the exit frequency windows being
shown as shaded regions; graph (b) shows the effect on the
liquid bands for thickness of 0.23 mm of FC-43; and graph
(c) shows the improvement in the band structure that can be
obtained in terms of well-defined band structure by increas-
ing the number of layers to 19, with the input sound pressure
amplitude assumed to be constant over the entire frequency
range; the wider bandpass due to the glass layer is shown
between 2.5 and 3.00 MHz, while the narrower transmission
bands are due to the presence of the intervening liquid
layers.

FIG. 4A illustrates the concept of signal demodulation
and difference frequency generation in a nonlinear fluid, the
speaker symbols in the nonlinear mixing fluid represent how
each point along the axis of the ultrasonic transducer
become a virtual source due to frequency mixing creating a
so-called end-fire array; FIGS. 4B and 4C show the fre-
quency spectra for the two types of signal, the amplitude
modulated signal is a carrier signal with two side bands and
is very similar to the two separate frequencies shown in FIG.
4C for the two-frequency operation; in the situation where
single sideband modulation is employed, both situations
produce two, high-frequency components and are similar.

FIG. 5 shows the measured transmission characteristics of
the low-pass filter constructed from a 1.7 mm layer of rubber
cork, showing that at 500 kHz, the amplitude decreases by
approximately 50 dB from that at 20 kHz, the shaded region
illustrating the bandwidth of the transmitted signal through
the apparatus.

FIG. 6 is a schematic representation of the apparatus used
to generate the measurements described hereinbelow.

FIG. 7A illustrates two different input signal types: (1)
amplitude modulation, and (2) dual frequency, where the
second signal is added to the carrier frequency, wherein
either signal is sent to the device on the sonic crystal (SC)
end following shaping with a Tukey envelope, as shown in
FIG. 7B, the apparatus being immersed in water, with a
receiver transducer detecting the demodulated signal, as
shown in FIG. 7C, and the peak of the received signal being
recorded.

FIG. 8 illustrates the measured transmission characteris-
tics of the glass-Fluorinert sonic crystal, where the solid line
corresponds to the measurements made with the SC alone,
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the dashed line corresponds to the transmission of the
composite system that includes both the SC and the nonlin-
ear fluid (NL) of 65 mm path-length, both spectra being
normalized for comparison purposes, where the average
value of the transmitted amplitude is 30% lower for the
composite case due to signal absorption in the liquid (NL).

FIG. 9 shows a comparison of sound transmission as
predicted from theory and what is experimentally observed.

FIG. 10A illustrates the difference frequency beam at 300
kHz in Fluorinert, where the intensity scale is shown on the
bottom right horizontal panel, in FIG. 10B, the measure-
ments being taken in a bath of FC-43 using a calibrated
hydrophone, with the spectrum of the input and output
frequencies being shown below the beam profile, in FIG.
10C, where only the difference frequency is present at the
output and the original input frequencies are gone.

FIG. 11 illustrates the axial intensity profile of the beam
shown in FIG. 10 hereof, with the solid circles representing
the experimental data and the solid line is theoretical pre-
diction derived from the KZK equation with the parameters
used for the theoretical prediction including the following:
primary frequencies of 2.85 and 3.1 MHz with a median
frequency of 2.95 MHz; median pressure of the primaries:
55 kPa; source diameter (SC outside surface opposite the
transducer): 20 mm; FC-43 f: 7.6; FC-43 density: 1850
kg/m?; FC-43 sound speed: 646 m/s; absorption parameter:
6.17; nonlinear parameter (ratio of Rayleigh length and
Shock length): 22.29.

FIG. 12 shows the reverse transmission characteristics of
the sonic crystal (SC)-Fluorinert (NL)-rubber cork layer
(LP) combination showing little overall transmission (three
orders of magnitude) as compared to FIG. 8 hereof, wherein
the excitation was from the LP side (right side of FIG. 1
hereof), and the receiver was on the left side of the SC, the
rubber cork filter cutting off propagation above 450 kHz; the
shaded region shows the sonic crystal transmission bandgap.

FIG. 13A illustrates profiles of the sound beam exiting
from the apparatus into water, for a difference frequency of
300 kHz, and FIG. 13B shows the beam profile measured for
a demodulated signal (2.95 MHz sine-wave carrier wave
amplitude modulated by a 220 kHz sine wave signal).

DETAILED DESCRIPTION

Briefly, embodiments of the present invention include
apparatus and method for unidirectional and broadband
communication using a collimated ultrasound beam dem-
onstrated herein in the high-frequency sonar range between
200 kHz and 1 MHz, which is above the hearing range of
marine mammals, but below frequencies which are signifi-
cantly attenuated by water, for underwater applications, as
an example. Communications may be achieved in air or
water, or in any fluid, by modulating a carrier wave of the
required frequency with the desired signal that passes
through a barrier wall, but is automatically demodulated by
the wall material to reproduce the low-frequency modulating
signal that then propagates as a beam without requiring
signal processing electronics. In effect, the passive barrier
wall material becomes the apparatus that functions without
electronics to propagate the signal. Such communication
also requires the information to pass through selective
high-frequency transmission windows that are different
from the desired broad-band 200 KHz-1 MHz low-fre-
quency signal. No such underwater ultrasound transmission
in the form of a beam presently exists, and only low-
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frequency sonars <10 kHz have been demonstrated for
sea-floor mapping that use sea water itself as the nonlinear
medium.

It should be mentioned that the frequency range identified
above for underwater use is not a limitation of embodiments
of'the present invention. The sole limitation is the absorption
of the medium in which the beam is propagated. For
example, it is possible to raise the frequency 10 MHz, but
this will require thinner layers. Further, as stated above, air
transmission is readily achieved without changing the appa-
ratus.

The requirements for an underwater transmitting appara-
tus may include the following:

A high frequency ultrasonic band-pass filter with suffi-

cient bandwidth (~1 MHz).

Automatic passive demodulation of a high-frequency
amplitude-modulated (AM) carrier wave to produce the
low-frequency (200 kHz-1 MHz) signal

Continued propagation of the demodulated ultrasound
beam in water to a distance of 50 cm (demonstrated) or
much greater without any high frequency carrier signal
remaining.

Sonic crystals may be constructed in the ultrasonic fre-
quency range. These crystals permit custom-designed acous-
tic filters and sound transmission characteristics that include
wide pass bands (=2 MHz), that depend on the number of
layers used and on the thickness of the layers. It is shown
that sound having selected frequencies within a desired
frequency band may pass through an apparatus. An acoustic
nonlinear medium provides the capability of frequency
mixing and thus can passively down-convert a high-fre-
quency sound wave to a lower frequency wave without
using electronics, and can also demodulate an amplitude-
modulated signal (double-sideband or single-sideband
modulation). If a suitable path-length of the medium is used
for sound frequency mixing or demodulation, then the
medium behaves as an end-fire antenna array (parametric
array) that collimates the sound beam as it propagates. See,
e.g., P. J. Westervelt in “Parametric Acoustic Array,” Journal
of the Acoustical Society of America. 1963; 35(4): 535-7.
The acoustic nonlinearity and sound speed of the medium
determine this length with higher nonlinearity and smaller
sound speed shortening the effective length. A combination
of the two devices (sonic crystal followed by a nonlinear
medium) thus provides a manner in which an appropriate
carrier frequency for carrying information through an acous-
tic window and then extracting that information automati-
cally as a directional beam, may be selected. The addition of
a simple low-pass acoustic filter layer after the nonlinear
medium converts the present apparatus into a unidirectional
device for all practical purposes. Additional information
may be found in “Broadband Unidirectional Ultrasound
Propagation Using Sonic Crystal And Nonlinear Medium”
by Dipen N. Sinha and Cristian Pantea, Emerging Materials
Research, 2, pages 117-126 (2013), which is hereby incor-
porated by reference herein for all that it discloses and
teaches.

Reference will now be made in detail to the present
embodiments of the invention, examples of which are illus-
trated in the accompanying drawings. In the FIGURES,
similar structure will be identified using identical reference
characters. It will be understood that the FIGURES are
presented for the purpose of describing particular embodi-
ments of the invention and are not intended to limit the
invention thereto. Turning now to FIG. 1A, shown is a
schematic representation of the principle of unidirectional
low-frequency sound transmission through a passive wall as
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a collimated beam with high bandwidth underwater, illus-
trating that the low-frequency signal to be transmitted
through the wall cannot penetrate the wall in either direction,
nor can any high-frequency carrier frequency alone; rather,
as seen in FIG. 1B, if the low-frequency signal is modulated
with a carrier frequency that is based on the design of the
wall material, and transmitted, the wall demodulates this
modulated signal a produces a beam of the original signal.
Although FIG. 1A shows only double-sideband modulation,
single-sideband modulation or carrier-suppressed double-
sideband modulation can also be employed. A single-side-
band amplitude modulation increases the bandwidth of the
signal that can be accommodated, almost by a factor of two.
An apparatus for providing these requirements is sche-
matically illustrated in FIG. 2A, which is a schematic
representation of an embodiment of apparatus, 10, of the
present invention. FIG. 2B shows a spectrum of the modu-
lated input signal (normal double-sideband amplitude modu-
lation); FIG. 2C illustrates the bandpass and bandgap of the
sonic crystal; and FIG. 2D shows the demodulated colli-
mated signal, all for one direction of propagation, there
being no sound transmission in the opposite direction. The
width of the sidebands represents the input signal bandwidth
that allows for sophisticated coded signal transmission.
Returning to FIG. 2A, apparatus 10 includes a linear
combination of low-loss acoustic bandpass filter (BP), 12,
acoustic nonlinear medium (NL), 14, and a material that
behaves as a low pass acoustic filter (LP), 16. Carrier wave,
f_, 18, is modulated with signal f,,, 20, in mixer, 22, and the
resulting frequency spectrum is input to apparatus 10 as
signal, 24, shown in FIG. 2B as carrier frequency f_ having
two side-bands. It should be noted that signal f,, need not be
a single frequency, but may have a chosen bandwidth, and
that f, is greater than 2f,,. BP 12 is designed such that the
carrier frequency falls in the middle of its pass band (see
FIG. 2C). As the signal emerges from BP 12, it enters
acoustic nonlinear medium 14 in which, due to mixing of the
carrier frequency with the side band frequencies, the carrier
wave is demodulated. The nonlinear medium removes most
of the original carrier wave, and any higher frequency
signals that are generated due to frequency mixing (such as
the sum signal and the higher harmonics of the carrier).
Higher frequencies are absorbed by the nonlinear medium as
sound absorption increases with frequency as the frequency-
squared. Therefore, the liquid itself behaves as a low-pass
filter to a large extent. However, due to the finite pathlength
chosen for the nonlinear medium in order to keep the device
dimensions reasonable small, this filtering is not perfect.
Therefore, any remaining demodulated carrier wave passes
through low-pass acoustic filter material 16 leaving only the
low-frequency signal shown in FIG. 2D as output signal, 26.
Low-pass filter 16 is selected to have a larger bandwidth
than that of the AM side band, and it completely stops the
primary frequencies (for example, the carrier signal or the
two separate high frequencies used). Any sum frequency or
higher harmonics are thus filtered out. Because of the
frequency mixing, the demodulated signal emerges as highly
directional sound beam 26. Any high-frequency sound com-
ing from the right hand side gets blocked by the low pass
filter. High-frequency filter BP 12 also blocks any low-
frequency signal, making device 10 unidirectional as
required. It is assumed that there are no transmission bands
below BP in the apparatus by designing the sonic crystal
accordingly. However, in a simple sonic crystal, there is
some transmission near zero frequency (FIG. 2C), which can
be eliminated using a high-pass filter prior to the sonic
crystal. This transmission which extends from zero to about
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20 kHz in theory, if not blocked, permits a small amount of
low-frequency signal to pass through BP in the reverse
direction, as may be observed in FIG. 12 hereof, and can be
used to transmit a very low-frequency signal if a source
thereof is provided to the apparatus.

Acoustic bandpass filter 12 can be constructed using a
sonic crystal (SC), which is an engineered periodic elastic
binary structure made of two materials with different
mechanical properties designed to control the propagation of
mechanical waves. This is a subclass of phononic crystals
where one medium is a fluid and only compressional waves
can propagate through it. The basic property of such crystals
is that acoustic waves within specific frequency ranges
cannot propagate within the periodic structure. This range of
forbidden frequencies is called the phononic band gap.
There can also be strong transmission bands where sound
can propagate with little attenuation. Sonic crystals have
been used to generate acoustic devices that can efficiently
trap, guide, and manipulate sound. See, e.g., M.-H. Lu et al.
in “Phononic crystals and acoustic metamaterials,” Materi-
als Today. 2009; 12(12): 34-42. One such sonic crystal is the
1D superlattice arrangement that includes alternating layers
of a solid material with a liquid in between. The feasibility
of an acoustic rectifier having a different principle of opera-
tion and consisting of two segments, a sonic crystal (alter-
nating of water and glass) and a nonlinear medium produced
from a microbubble suspension has been demonstrated (See,
e.g., B. Liang et al., supra. In that apparatus, sound enters
from a nonlinear medium that is used to generate the second
harmonic of the primary, rather than the difference fre-
quency, as for embodiments of the present invention. The
sonic crystal following the nonlinear medium was designed
to behave as an acoustic filter. Sound having frequency w
enters the nonlinear medium first and produces harmonics
2 that passes through the subsequent SC acoustic filter, but
blocks the original signal. The pass bands were centered on
1.8 and 2 MHz with a width of approximately 150 kHz for
each band. However, when incident from the opposite side,
the original frequency is blocked because of a band gap at
that frequency. The apparatus of Liang et al. is not unidi-
rectional for the original signal, and the sound is not in the
form of a beam. A SC based on a shaped array of scatter-
ers—steel square-prism columns has also been reported.
See, e.g., X.-F. Li et al., supra. In that apparatus, the sonic
crystal achieves unidirectional flow by means of saw-tooth
spatial asymmetry in the arrangement of columns. However,
the sound waves exiting that apparatus are not parallel to
those entering. The transmitted sound waves are narrow
band and at low frequencies (<50 KHz). Tunability can be
achieved by mechanical manipulation of the rods. A different
acoustic rectifier has been demonstrated by using the inter-
play of periodicity, nonlinearity, and asymmetry in a granu-
lar crystal, which includes a statically compressed one-
dimensional array of particles and a light mass defect near
a boundary. This apparatus was demonstrated for very
low-frequency (<15 kHz) sound transmission, and it is not
suitable for the application proposed in embodiments of the
present invention. A thermal diode using phonon rectifica-
tion has been demonstrated for unidirectional heat flow but
this cannot be used to send information through water as an
ultrasound beam.

Sound beam collimation is the next factor for the appa-
ratus of the present invention. Wave beams diverge when
they propagate in homogeneous materials due to diffraction.
However, the disappearance of diffraction, the self-collima-
tion of wave beams, was first predicted in the field of optics
for electromagnetic waves propagating through optically
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periodic materials, known as photonic crystals. Such sub-
diffractive propagation of sound beams was also predicted
for phononic or sonic crystals and recently demonstrated in
2D sonic crystals. See, e.g., 1. Perez-Arjona et al. in “Theo-
retical prediction of the nondiffractive propagation of sonic
waves through periodic acoustic media,” Physical Review
B. 2007; 75(1): 014304. This self-collimation study was
then extended to 3D sonic crystals. The 3D sonic crystal was
formed by two crossed steel cylinder structures in a wood-
pile-like geometry disposed in water. This type of self-
collimation, strictly speaking, occurs for a single frequency
within the propagation band. The frequency range of
“imperfect” self-collimation extends only to a tenth of a
percent of the self-collimation frequency and, therefore, this
effect cannot be used for embodiments of the present inven-
tion.

Embodiments of the present invention combine a sonic
crystal and an acoustically nonlinear fluid that is not highly
attenuating. The SC serves as a bandpass filter with a
bandwidth of ~1 MHz operating at a high frequency (>2
MHz). The location of this high-frequency transmission
band is determined by the width and the sound speed of the
solid layer in the SC. The bandwidth is sufficiently broad (~1
MHz) to permit an AM signal to pass through the nonlinear
fluid without appreciable attenuation, where due to nonlin-
ear frequency mixing during propagation, the signal gets
demodulated and forms a collimated beam.

1. Sonic Crystal:

Sonic crystals are finite size composite materials consist-
ing of periodic arrangements of sonic scatterers embedded in
a homogeneous host material. The wavelength of sound in
the host medium is comparable to the lattice spacing of the
scatterers. The simplest SC is a one-dimensional binary
periodic structure made of alternating homogeneous layers
of'a solid and a liquid with different acoustic impedances. As
stated above, sonic crystals are a subset of phononic crystals,
which are constructed from alternating homogeneous layers
of solid materials with different acoustic impedances. As
acoustic waves propagate through a sonic crystal along the
direction of periodic acoustic impedance variation, the inci-
dent and scattered waves from each solid-liquid interface
may interfere constructively or destructively, depending on
the frequency of the acoustic wave used and the thickness of
the solid and the liquid layers. Such interferences produce
the well-known band structures. The sonic crystal used in
accordance with the teachings of embodiments of the pres-
ent invention was a periodic array of alternate layers of
microscope glass slides and a liquid (Fluorinert) with acous-
tic impedances of 1.2 MRayl and 12.6 MRayl, respectively.

The transmission of plane elastic waves through a peri-
odic array of parallel solid plates immersed in liquid has
been studied. Such a structure is an acoustic filter with pass
and attenuation bands characterized by a transmission func-
tion cos W which for normal incidence has the form:

cos W=cos 2kl -cos 2kyly=Y42(Z\/Zo+Z>/Z,)sin

2k, 1, sin 2k, (1)

Here 21,=width of solid layer, 21,=width of liquid layer,
k,=2=f/c,, k,=2xf/c,, with ¢, and c, the compressional wave
velocities in the two media, respectively, f the frequency,
and Z=pc the acoustic impedance. The pass bands corre-
spond to the frequency regions for which Icos Wl<l,
whereas the attenuation bands are characterized by Icos
WI>1. From the above equation it can be observed that the
pass bands occur in the neighborhood of the frequencies for
which sin 2kl;=0 and sin 2kl,=0, which correspond to the
characteristic resonance frequencies of each layer in the
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structure. The bandwidths depend on the factor Y4(Z,/Z,+
7,/7)). The greater the impedance mismatch between the
solid and the liquid, narrower are the pass bands and wider
the intervening band gaps. The resulting transmission spec-
trum therefore can be viewed as a composite of two sets of
resonance patterns similar to coupled oscillators. The
desired attribute of the device is to have a wide pass band at
high frequency and a wide band gap at frequencies below
that. However, there is always a transmission band begin-
ning with zero frequency in such a periodic structure. A
transmission matrix method can be used to derive the full
transmission spectrum of the phononic crystal. For sonic
crystal design purposes, a simpler form for sound transmis-
sion can be used that relates the transmission amplitude to
the acoustic impedance mismatch (Z=7,/7.,) for a solid layer
immersed in a fluid and is given by

1 @

Equation 2 shows how the maximum and the minimum
sound transmission depend on the acoustic impedance mis-
match. The sound attenuation is not included in the equation.
The predicted sound transmission based on the 1D trans-
mission-matrix method is shown in FIG. 3 for the device
(SC formed by microscope glass slides and Fluorinert liquid,
as will be described below) used in accordance with the
teachings of embodiments of the present invention. The
broader bandpass region due to the solid layer is between 2.5
and 3 MHz. The sound transmission pattern is determined by
the SC, and is only slightly affected by the presence of the
NL (FC 43) medium (see FIG. 2) due to setting up of equally
spaced resonance peaks (AF) in the liquid cavity as a
function of frequency (AF=c2/21,). The high frequencies
passing through the bandpass region mix in the NL region.
2. Nonlinear Mixing and Beam Formation:

FIG. 4A is a schematic representation of difference fre-
quency generation in a nonlinear fluid. Piezoelectric disc,
28, is excited by two electrical signals having different
frequencies, 30a, and 3056. These generate sound at these
two different frequencies in the acoustic nonlinear fluid
medium, FC-43, 32. When two collinear sound beams of
frequency f, and f, propagate through a nonlinear acoustic
medium, the two frequencies continually mix and produce
virtual sources of additional frequencies, such as a difference
frequency Af (Af=f,-1,), a sum frequency f,+f,, and har-
monics of the primary frequencies 2f,, 2f,, etc. Speaker
symbols, 34, represent examples of such virtual sources that
reradiate the newly generated frequencies constituting an
end-fire array, 36, which behaves as an antenna that radiates
along its axis and the length of the this end-fire array antenna
determines the directionality and beam spread of output
signal, 38. This is the basis for a parametric array that
provides high directivity of the difference frequency. The
directivity of such a parametric array arises due to the use of
the medium to “construct” a long virtual end-fire source
along the direction of beam propagation. In a typical non-
linear fluid, the higher sum frequency and the harmonics get
progressively absorbed and only the difference frequency Af
wave continues as a collimated beam. For most liquids, the
sound absorption increases as the square of the frequency
and, therefore, the difference frequency passes through
while the higher frequencies attenuate strongly. For encod-
ing a signal, a simple approach is an amplitude modulated
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(AM) signal, which is equivalent to a carrier signal f. with
two side bands (f.+Af) as shown in FIG. 4B. Therefore,
during propagation through a nonlinear medium, the AM
signal will get demodulated (self-demodulation), as shown
in FIG. 4C. It should be pointed out that this demodulated
signal does not produce the original modulating signal, but
the signal becomes proportional to the second time-deriva-
tive of the envelope squared. This is not a problem for sine
wave signals, but introduces distortions in more complex
time-varying signal. A common practice is to predistort the
original signal before modulating. A straightforward solu-
tion is to simply double-integrate and then take the square
root before modulating with the carrier, such that the output
automatically gets corrected after passing through the non-
linear medium.

2.1 KZK Formalism:

The KZK equation, named after Khokhlov, Zabolotskaya
and Kuznetsov, was originally derived as a tool for the
description of nonlinear acoustic beams. This equation
accounts for the combined effects of diffraction, absorption
and nonlinearity in directional sound beams. It has been
demonstrated, that this equation accurately describes the
entire process of self-demodulation throughout the near field
and into the far field, both on and off the axis of the beam.

p d? 8? 5 &Fp B Fp (3)

Co
3201 - T(W * W]P 3398 Y1338

Here p is pressure, 0 is diffusivity of sound (absorption in the
medium), ¢, is the signal sound velocity, p, is the fluid
density, t is time, and X, y, z are the spatial coordinates, See,
e.g., M. A. Averkiou et al. in “Self-demodulation of Ampli-
tude-Modulated and Frequency-Modulated Pulses in a Ther-
moviscous Fluid,” Journal of the Acoustical Society of
America. 1993; 94(5): 2876-83. The first term on the right-
hand side describes the effects of diffraction; the second term
describes the effects of dissipation on a travelling wave; and
the third term describes the nonlinear effects on the propa-
gating sound wave and includes the nonlinearity parameter,
f. In accordance with the teachings of embodiments of the
present invention, the time-domain computer code devel-
oped at the University of Texas at Austin, the KZK Texas
Code for the radiation from a flat, unfocused piston source
(A flat finite size source that moves back and forth normal
to the surface is called a piston source in acoustics.), was
used to describe the difference frequency directional beam
formed by the frequency mixing in the nonlinear medium.
Experimental measurements of the beam formation process
as a function of axial distance from the SC, where the filtered
signal enters into the fluid, are compared against the pre-
dictions from Equation 3. In frequency domain, the AM
signal is the same as a carrier signal with side bands, and the
self-demodulation process is equivalent to frequency mixing
of the side bands with the carrier to produce the difference
frequency.

The magnitude of the pressure of the difference frequency
wave generated is linearly proportional to the product of the
pressure amplitudes of the primary waves, the effective
transmitting area on the SC, the f§ of the nonlinear fluid (or
other material), the square of the difference frequency and
inversely proportional to the 4” power of the sound speed of
the fluid, and the density and absorption of the fiuid. The
design of a complete device primarily involves the selection
of the solid and the nonlinear fluid. It should be mentioned
that it is possible to design a sonic crystal including alter-
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nating two types of solid layers, although finding a low
acoustic impedance material having low sound absorption is
difficult in practice. There are solids having high acoustic
nonlinearity (e.g., Berea sandstone) which can be used as
well in place of a liquid. These solids can also be artificially
manufactured as there are not many naturally occurring
solids with the desired properties.

3. Apparatus:

The sonic crystal in accordance with the teachings of
embodiments of the present invention uses a solid material
and a nonlinear fluid that have acoustic impedance mismatch
greater than 5 to provide a transmission contrast ratio (ratio
between maximum and minimum transmission) of 10 as
derived from Eq. 2. To design a compact device, it is
advantageous that the sound speed of the fluid be low, and
the parameter §§ high. It is also advantageous that the fluid
have low sound absorption. Readily available microscope
glass slides and Fluorinert electronic fluid FC-43 (3M, St.
Paul, Minn., USA) were used for a proof of concept.

The SC consisted of four layers of 25 mmx25 mm and
1-mm thick microscope glass slides spaced 0.7 mm apart.
This spacing was created using metallic shims. The micro-
scope glass used has a density of 2240 Kg/m?®, and a
longitudinal sound speed of 5640 m/s. The periodic array of
glass slides was then immersed in a bath of an inert liquid,
FC-43, with an acoustic nonlinearity $=7.6 contained inside
a Plexiglas tube (55-mm inner diameter and 82-mm long).
This formed a periodic array of 7 alternate parallel layers
consisting of glass and FC-43. The liquid, FC-43 has a
density of 1860 Kg/m® and a very low sound speed of 646
m/s. This low sound speed is associated with small wave-
length of sound which allows the construction of a very
compact structure. The Plexiglas tube was sufficiently long
to accommodate both the SC and FC-43. The additional
liquid path-length was 65 mm and provided the nonlinear
frequency mixing region. This path-length was chosen based
on the KZK equation and experimentally verified to provide
the optimum mixing length in the nonlinear liquid. The
optimum path length was chosen as the distance where the
amplitude of the difference frequency goes through a maxi-
mum. Both ends of the FC-43-filled tube were capped with
two 0.7 mm thick Plexiglas discs. A 1.7 mm thick rubber
cork disc was glued to one end-cap and acted as a low-pass
acoustic filter to completely attenuate the high primary
frequencies or the high carrier frequency. The transmission
characteristics of this low pass filter are shown in FIG. 5. A
piezoelectric disc transducer was attached to the glass slide
on one end as the high-frequency source for the acoustic
signal, and to minimize space required. The disc was a
PZT-4 (Lead Zirconium Titanate) having a center frequency
0f 3.0 MHz, a thickness of 0.7 mm and a diameter of 20 mm,
acquired from Steminc (Steiner Martin, Florida, USA), and
was back-loaded with titanium filled epoxy to extend its
frequency range to approximately 500 kHz. The resulting
bandwidth covered the entire frequency region of interest
down to very low frequency (~100 kHz), which was verified
by comparing the disc transducer measurements against a
commercial transducer, with both providing almost identical
results.

A schematic representation of the apparatus, 40, utilized
to demonstrate the teachings of embodiments of the present
invention is presented in FIG. 6. Source transducer, 42,
attached to one side of glass plate array 12 was driven by an
arbitrary wave-function generator (Tektronix AFG 3102),
44, over a frequency range 20 kHz-10 MHz, controlled by
computer, 46, through ENI 240L power amplifier, 48 with a
50 dB gain. Plexiglas tube, 50, containing periodic layer of
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glass plates 12 and the FC-43 fluid 14 was placed in water
tank 52. Transducer 42 need not be attached to sonic crystal
12. It should be noted that sufficient intensity must be
present in the signal such that nonlinear medium 14 is
capable of demodulating the signal and forming a collimated
beam therewith, from the initial intensity of the applied
amplitude modulated signal, when coupled with losses in
low-loss sonic crystal 12. A sheet of rubber cork 16 was
glued to the outside surface of the end cap on the tube that
serves as a low-pass acoustic filter. Piezoelectric receiver
transducer, 54, was connected to 3-axis scanner, 56, and
controlled by position controller, 58, and computer 46,
which permitted 3-dimensional scanning of the sound beam
exiting from Plexiglas tube 50. Other tubes may be used for
containing the elements of this embodiment of the invention.
Receiver transducer 54 was a broadband PZT-5 transducer
having a diameter of 12.5 mm and a center frequency of 500
kHz. Following amplification, 60, the received signal was
recorded by a Tektronix DPO 7054 oscilloscope, 62, and
transferred to personal computer (PC) 46.

For the sound beam profile measurements, short trains of
pulses were used for excitation signals, to avoid unwanted
interferences and extraneous reflections in the small water
tank used for the measurements. This is illustrated in FIG.
7A. The duration of the train of pulses was 50 pus. Addition-
ally, the pulse trains were modulated with a Tukey envelope,
having a parameter 0=0.5, where o is a non-dimensional
number with values between 0, corresponding to no modu-
lation, and 1, corresponding to Y2 cycle of sine modulation.
A rectangular train of pulses generates transients at the rising
and falling edges, which introduces additional nonlinearities
in the system due to spurious high-frequency generation.
However, a Tukey window with a=0.5, shown in FIG. 7B,
completely eliminated such transients as seen in FIG. 7C.

To determine the transmission spectrum of the SC, a
network analyzer (Agilent 8753ET) that provided transmis-
sion amplitude through the SC and the SC—nonlinear fluid
combination as a function of frequency from 10 kHz to 10
MHz was used. This measurement was made at a single
frequency at a time. In this case, an identical transducer to
the source transducer was used for the receiver, which
permitted measurement of transmission in both directions to
verify that the composite system behaved as an acoustic
rectifier. The broadband characteristics of the transducers
were measured by comparing the measurements made with
commercial broadband transducers (Model V106 from
Olympus NDT).

4. Results:

The sound transmission spectrum of the sonic crystal is
shown in FIG. 8. Normalized transmission characteristics
for the SC alone and for the composite SC and NL liquid are
shown superimposed. These two spectra match closely as
seen in the theoretical prediction (FIG. 3C), although the
average amplitude of the composite system is reduced by
approximately 30% due to absorption in the liquid. The
transmission bands due to the liquid layer and the solid glass
layer can be seen in both theoretical predictions (FIG. 3),
and in experimental measurements. The glass layer contrib-
utes to the broad pass band between 2.7 MHz and 3.25 MHz,
and the carrier frequency was chosen to be close to this
center frequency, since the width of this pass band defines
the bandwidth of the sound that can be used. It should be
mentioned that the imperfect nature of the pass band shown
in FIG. 8 is due to the low number of layers in the SC used.
Simulations show that all pass-bands (both for liquid layer
and the solid layer) become flatter with minimum fluctua-
tions as the number of layers increase (FIG. 3). Small
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variations (<1%) in the layer thickness (e.g., the liquid layer)
can also contribute to the fluctuations in the pass band. FIG.
9 shows that a minor adjustment of the thickness of the glass
from 1 mm to 0.998 mm in the theoretical prediction
provides an excellent match between theory and experimen-
tal data. The number of narrower pass bands corresponding
to the liquid layer may be lowered by using thinner liquid
layers. Uncertainty in the sound speed and density values for
the microscope slide also contributed to the observed dif-
ference between the predicted transmission spectrum and the
experimentally measured one, as these values were obtained
from the literature and not measured. The first band gap
between 200 kHz to 420 kHz is the frequency region of
interest where the sound beam generation is explored. This
region is between the lowest pass band and the first narrow
liquid band. Thinner liquid layer would produce fewer
narrow pass bands since these would be spaced much wider
in frequency. Because of the closer acoustic impedances
between glass and FC-43, there is large transmission of
sound through all pass bands. Such higher transmission
allows sufficient energy into the nonlinear fluid region for
amplitude demodulation (difference frequency generation)
and beam formation. As mentioned hereinabove, the SC
structure and the FC-43 liquid were both contained inside a
single Plexiglas tube having windows.

The 2D beam profile generated from the SC structure was
obtained by scanning the beam with a calibrated hydrophone
(ONDA Corporation, HNR-1000: SN1455) in a bath of
FC-43 and is shown in FIG. 10A, whereas the beam intensity
profile along the propagation axis is shown in FIG. 11. The
mixing frequencies used were f;,=2.8 MHz, and f,=3.1 MHz,
resulting in a difference frequency of Af=300 kHz. Two
principal observations can be made from these two figures.
First, the difference frequency of 300 kHz propagates as a
narrow beam as expected. Second, the difference frequency
intensity goes through a maximum (solid circles in FIG. 11),
located approximately 65 mm from the SC, in excellent
agreement with the predictions from the KZK-equation
(solid line). This is the optimum path-length that was used
for the mixing length (NL in FIG. 2) of the FC-43 in the
Plexiglas container. The spectrum at the bottom of FIG. 10C
shows how the original two high frequencies are not present
in the beam that is generated due to frequency mixing. When
the thin layer of rubber cork (LP in FIG. 2) was included
following the liquid, frequencies above 500 kHz were
reduced by more than 50 dB. Thus, this allowed only the
difference frequencies to pass through and assured that none
of the high-frequency primaries or any higher harmonics
remained. It is possible to further define the shape of the
beam by making the filter surface appropriately curved to
induce a focusing effect.

The reverse transmission characteristic of the SC-NL-LP
apparatus is shown in FIG. 12 as obtained using the network
analyzer with the source being on the LP side. As can be seen
from this FIGURE, there is essentially no observable trans-
mission above 220 kHz. The first band gap of SC falls
between 200-400 kHz. The structure behaves in a practically
unidirectional manner, because any sound of frequency
higher than ~500 kHz (LP cut-off frequency) entering from
the LP side (See FIG. 2) is blocked by the filter. Further, SC
band-gap prevents sound transmission down to 200 kHz.
The remaining lowest frequency signal observed is three
orders of magnitude smaller than what is observed in the
forward direction. It is to be mentioned that when high
frequency sound enters from the SC side, the demodulated
or difference frequency is generated internally in the non-
linear medium. This frequency cannot travel backwards
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because of the first band-gap of SC and can only travel in the
forward direction. The thin layers of the FC-43 in the
intervening position in the SC, can also resonantly amplify
the difference frequency signal if the thickness of the layer
is properly chosen (integral number of half wavelengths of
the difference frequency).

The beam profile was determined by immersing the
device in a water bath as shown in FIG. 6. The measured
intensity profile along the axis of the beam is presented in
FIG. 13A for a difference frequency of Af=300 kHz. The
primaries were chosen to be f;=2.8 MHz and f,=3.1 MHz.
It can be seen that the low-frequency beam, after passing
through LP, preserves the narrow beam characteristics of the
beam in FC-43 as shown in FIG. 10. Because of the granular
nature of the material (cork) used for LP, the beam is slightly
more jagged in nature, however. Difference frequencies
ranging from 220 kHz to 370 kHz were tested and these
produced very similar profiles to those in FIG. 13A. Addi-
tionally, the AM demodulation and directional beam forma-
tion were also tested. A 2.95 MHz carrier wave was modu-
lated with a low-frequency signal of 220 kHz and applied to
the source transducer. The resulting directional beam is
shown in FIG. 13B. This beam is not as well defined since
the experimentally observed band pass region was not flat
and had dips in amplitude. This was caused by a slight
imperfection in the alignment of the glass layers. Neverthe-
less, these results clearly demonstrate the primary objective
of embodiments of the present invention that unidirectional
and broadband directional sound beam can be produced
using a combination of sonic crystal, nonlinear material and
a low-pass filter. It should be mentioned that the liquid used
in the sonic crystal and for the nonlinear medium need not
be the same. The pass band and the band gap characteristics
of the sonic crystal may be designed for a particular appli-
cation.

Although the measurements presented used a nonlinear
fluid for frequency mixing, AM demodulation, and beam
formation, it is anticipated that solids may be used for this
purpose. The pair of solids needs to be of materials that have
different acoustic impedance. Higher acoustic impedance
mismatch or larger number of layers will produce better
bandgap contrast. Such solids having acoustic nonlinearity
include granular materials, composite materials, and poly-
mers among others. See, e.g., V. Tournat et al. in “Experi-
mental study of nonlinear acoustic effects in a granular
medium,” Acoustical Physics 2005; 51(5):543-53; S. Biwa
et al. in “Evaluation of Nonlinear Low-Frequency Compo-
nents Generated by Amplitude-Modulated Waves in a Car-
bon/Carbon Composite,” B B J Linde et al., editors, Inter-
national Congress on Ultrasonics 2012, p. 497-500; and M.
C. Wu et al. in “Nonlinearity Parameters of Polymers,” IEEE
1989 Ultrasonics Symposium: Proceedings, Vols. 1 and 2,
1989: 1241-4.

The foregoing description of the invention has been
presented for purposes of illustration and description and is
not intended to be exhaustive or to limit the invention to the
precise form disclosed, and obviously many modifications
and variations are possible in light of the above teaching.
The embodiments were chosen and described in order to
best explain the principles of the invention and its practical
application to thereby enable others skilled in the art to best
utilize the invention in various embodiments and with

various modifications as are suited to the particular use 65

contemplated. It is intended that the scope of the invention
be defined by the claims appended hereto.
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What is claimed is:

1. An apparatus for generating a collimated, unidirectional
acoustic signal having a frequency f,, or a band of frequen-
cies centered at f,, from an input carrier signal having a

5 frequency f >f,, amplitude modulated by f,,, comprising:

a low-loss acoustic bandpass filter for receiving the modu-
lated carrier signal, and having a bandwidth larger than
an amplitude modulated sideband of the amplitude
modulated f,;

an acoustic nonlinear medium for receiving and demodu-

10 lating the amplitude modulated f. from said acoustic
bandpass filter, whereby a collimated acoustic signal
having a frequency f,, is generated; and

a low-pass acoustic filter for preventing the carrier signal

15 or the amplitude modulated carrier signal from being

transmitted through said apparatus in the direction
opposite to the generated collimated acoustic signal.
2. The apparatus of claim 1, wherein said input carrier
signal f. amplitude modulated by f,, is generated by an
2 acoustic transducer.
3. The apparatus of claim 1, wherein said acoustic band-
pass filter comprises a phononic crystal.

4. The apparatus of claim 1, wherein said acoustic band-
pass filter comprises a sonic crystal.

5. The apparatus of claim 1, wherein the amplitude
modulation of said input carrier signal f, amplitude modu-
lated by f,, is chosen from carrier suppressed double side-
band modulation, single sideband modulation, and double
sideband modulation.

6. The apparatus of claim 1, wherein said acoustic non-
linear medium comprises a nonlinear acoustic liquid.

7. A method for generating a collimated, unidirectional
acoustic signal having a frequency f,, or a band of frequen-
cies centered at f,,, from an input carrier signal having a
frequency f >f,, amplitude modulated by f,,, comprising:

passing the modulated carrier signal through a low-loss

acoustic bandpass filter having a bandwidth larger than
an amplitude modulated sideband of the amplitude
modulated f ;

demodulating the bandpass filtered amplitude modulated

f. from said acoustic bandpass filter, whereby a colli-
mated acoustic signal having a frequency f,, is gener-
ated; and

passing the collimated acoustic signal having a frequency

f,, through a low pass filter, whereby the carrier signal
or the amplitude modulated carrier signal are prevented
from being transmitted through the bandpass filter in
the direction opposite to the generated collimated
acoustic signal.

8. The method of claim 7, wherein said step of demodu-
lating the bandpass filtered amplitude modulated f, is per-
formed by a nonlinear acoustic medium.

9. The method of claim 8, wherein the nonlinear acoustic
medium comprises a nonlinear acoustic liquid.

10. The method of claim 7, wherein the input carrier
signal f. amplitude modulated by {f,, is generated by an
acoustic transducer.

11. The method of claim 7, wherein the acoustic bandpass
filter comprises a phononic crystal.

12. The method of claim 7, wherein the acoustic bandpass
filter comprises a sonic crystal.

13. The method of claim 7, wherein the amplitude modu-
lation of the input carrier signal f, amplitude modulated by
f,, is chosen from carrier suppressed double sideband modu-
lation, single sideband modulation, and double sideband
modulation.
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ACOUSTIC SOURCE FOR GENERATING AN
ACOUSTIC BEAM

CROSS REFERENCE TO RELATED
APPLICATION

The present application is based on and claims priority to
U.S. Provisional Application No. 61/691,602, filed on Aug.
21,2012, the entire content of which is incorporated herein by
reference.

GOVERNMENT RIGHTS

This invention was made with Government support under
Cooperative Research and Development Agreement
(CRADA) Contract Number DE-AC52-06NA25396
awarded by the United States Department of Energy. The
Government may have certain rights in this invention.

FIELD

The present invention relates generally to acoustic interro-
gation of rock formations around a borehole, and more par-
ticularly to using the combination of an acoustic source
including a single or an array of transducers in the wellbore
coupled to a linear or non-linear material for producing an
acoustic beam as a probing tool from a borehole to interrogate
the properties of rock formations and materials surrounding
the borehole.

BACKGROUND

Acoustic interrogation of subsurface features tends to be
limited by the frequency bandwidth of practical sources. High
frequency signals have a relatively short penetration distance,
while low frequency signals do not have collimation and
generate unwanted signals within the well bore. It is difficult
to generate a collimated acoustic beam signal in the sonic
frequency range between about 15 kHz and about 120 kHz
from the borehole to probe the rock formation surrounding a
borehole with conventional transducers. Conventional sonic
acoustic sources have large beam spread, such that as the
frequency decreases, the beam spread increases. The beam
spread also depends on the diameter of the transducer, which
is limited by the borehole dimension. Sharp directivity steer-
ing for a particular frequency requires a number of conditions
to be satisfied, including a long source array, uniform cou-
pling of all the transducers to the rock formation around the
borehole and knowledge of the acoustic velocities of the rock
formation. In the borehole environment, these conditions are
not often achievable because of underlying physics con-
straints, engineering feasibility or operating conditions, espe-
cially when the source signal has broad frequency bandwidth.

Traditional monopole and dipole borehole acoustic logs
have been used to measure sonic velocity near the borehole
using frequency range less than about 8 kHz. However, at this
relatively low frequency, azimuthal resolution is relatively
low. There are a number of patents that attempted to overcome
this deficiency by using additional receivers to detect the
direction of the signals returning to the receivers (see, for
example, U.S. Pat. No. 5,544,127 and references cited
within)). Applications for borehole sonic for reflection imag-
ing, refraction imaging, fractures detection and permeability
determination have also been proposed (see, for example,
U.S. Pat. Nos. 5,081,611, 4,831,600, 4,817,059, and 4,797,
859). All of these conventional techniques have operational
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and azimuthal resolution deficiency as the source lacks or has
insufficient azimuthal directivity and desired frequency band-
width.

For cement evaluation, ultrasonic waves in the frequency
range of hundreds ofkilohertz (e.g., low ultrasonic frequency
range between 80 kHz and about 120 kHz and ultrasonic
frequency range around about 200 kHz) have been used to
detect a cement gap behind the casing. Even though frequen-
cies around 200 kHz allow for good azimuth resolution, the
distance range for detection at around this frequency is very
limited, i.e., the depth of penetration to investigate behind the
formation and channels between cement and rock formation
is limited for ultrasonic source at frequency around 200 kHz.
Conventional cement evaluation logs use a frequency of 30
kHz and can investigate deeper. However, these conventional
cement evaluation logs lack azimuthal resolution because the
wavelength is around the borehole radius and, consequently,
the borehole modes would excite the entire borehole. As a
result it is difficult to extract detailed azimuthal information
of the cement bonding. In order to overcome this deficiency,
multiple sources (emitting in the frequency range between 70
kHz and 120 kHz) and multiple receivers are used in a Sector
Bond Tool (SBT) system. However, even with the use of
multiple sources and multiple receivers, the conventional
SBT system was not able to cure the deficiencies of the prior
conventional cement evaluation logs as the source still lacked
azimuthal directivity to effectively detect the existence of
small channels between the cement and the rock formation.

SUMMARY

An aspect of the present invention is to provide a method
for investigating cement bonding or rock formation structure
near a borehole. The method includes generating an acoustic
wave by an acoustic source; directing at one or more inclina-
tion and azimuthal angles the acoustic wave towards a target
location in a vicinity of a borehole; receiving at one or more
receivers an acoustic signal, the acoustic signal originating
from a reflection or a refraction or surface wave propagation
of'the acoustic wave by a material at the desired location; and
analyzing the received acoustic signal to characterize features
of the material around the borehole.

Another aspect of the present invention is to provide a
system for investigating cement bonding or rock formation
structure near a borehole. The system includes an acoustic
source configured to generate an acoustic wave and to direct
the acoustic wave at one or more azimuthal angles towards a
desired location in a vicinity of a borehole. The system also
includes one or more receivers configured to receive an
acoustic signal, the acoustic signal originating from a reflec-
tion or a refraction or surface wave propagation of the acous-
tic wave by a material at the desired location. The system also
includes a processor configured to perform data processing
on the received signal to analyze the received acoustic signal
to characterize features of the material around the borehole.

Yet another aspect of the present invention is to provide an
acoustic source for generating an acoustic beam. The acoustic
source includes a housing; a plurality of spaced apart piezo-
electric layers disposed with the housing; and a non-linear
medium filling between the plurality of layers. Each of the
plurality of piezoelectric layers is configured to generate an
acoustic wave when excited with an electrical signal. The
non-linear medium and the plurality of piezo-electric mate-
rial layers have an acoustic matching impedance so as to
enhance a transmission of the acoustic wave generated by
each of plurality of layers through the remaining plurality of
layers.
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Another aspect of the present invention is to provide an
acoustic detector that includes a cylindrical support member
and a plurality of receiver elements that are disposed on a
surface of the cylindrical support member. The plurality of
receiver elements are configured to detect acoustic waves in a
plurality of azimuthal angular directions.

These and other objects, features, and characteristics of the
present invention, as well as the methods of operation and
functions of the related elements of structure and the combi-
nation of parts and economies of manufacture, will become
more apparent upon consideration of the following descrip-
tion and the appended claims with reference to the accompa-
nying drawings, all of which form a part of this specification,
wherein like reference numerals designate corresponding
parts in the various Figures. It is to be expressly understood,
however, that the drawings are for the purpose of illustration
and description only and are not intended as a definition of the
limits of the invention. As used in the specification and in the
claims, the singular form of “a”, “an”, and “the” include
plural referents unless the context clearly dictates otherwise.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B show a schematic diagram of'a system for
generating a collimated acoustic beam for characterizing for-
mations and/or materials near a borehole, according to an
embodiment of the present invention;

FIGS. 1C and 1D show a schematic diagram of an end-fire
array of polyvinylidene difluoride (PVDF) film acoustic
source used for generating a collimated acoustic beam,
according to an embodiment of the present invention;

FIGS. 1E and 1F depict the signal output by the end-fire
array of PVDF film acoustic source without applying a delay-
ing to an excitation electrical signal and when applying an
appropriate delay to the excitation electrical signal;

FIGS. 2A-2C are schematic representations of a receiver,
according to various embodiments of the present invention;

FIG. 3 is schematic diagram of an acoustic measurement
system, according to an embodiment of the present invention;

FIG. 4A illustrates a characteristic of a parametric array
beam pulse signal emitted by an acoustic source, according to
an embodiment of the present invention;

FIG. 4B is a fast Fourier transform (FFT) of the acoustic
beam signal of FIG. 4A to obtain the signal in the frequency
domain;

FIG. 5 depicts data collected as a function of propagation
time and azimuthal angle, according to an embodiment of the
present invention;

FIG. 6 depicts a schematic diagram of an experimental
set-up with receiver having a linear array of receiver elements
disposed on a surface of a cylindrical configuration, accord-
ing to an embodiment of the present invention;

FIG. 7 depicts reflection data obtained in an experiment
similar to the data shown in FI1G. 5 but after performing signal
processing to filter out the linear arrivals; according to
another embodiment of the present invention;

FIG. 8 depicts data collected as a function of propagation
time and receiver number after performing signal processing
to filter out the linear arrivals, according to an embodiment of
the present invention;

FIG. 9 depicts another experiment in which the orientation
of'the receiver 24 is fixed (i.e., the receiver is not rotated) and
the mirror is rotated azimuthally; according to another
embodiment of the present invention;

FIGS. 10A and 10B depict an experimental acoustic setup,
according to another embodiment of the present invention
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where FIG. 10A is a longitudinal schematic view of the
experimental setup and FIG. 10B is a top view of the experi-
mental setup;

FIGS. 11A-11C show plots of the measured data for vari-
ous azimuthal orientations or angles, respectively, at about
320 deg., at about 90 deg. and at about 165 deg., according to
an embodiment of the present invention;

FIGS. 12A-12C show plots of synthetic wave forms of
acoustic measurement in the frequency range of 15-120 kHz
forvarious borehole conditions, according to embodiments of
the present invention;

FIGS. 13A-13C shows simulated frequency chirp propa-
gation data along with the time-frequency analysis of the
same data, according to embodiments of the present inven-
tion;

FIG. 14A depicts the acoustic measurement system dis-
posed within a borehole, according to embodiment of the
present invention;

FIG. 14B depicts the acoustic measurement system dis-
posed within a borehole, according to another embodiment of
the present invention;

FIG. 14C depicts the acoustic measurement system dis-
posed within a borehole, according to yet another embodi-
ment of the present invention; and

FIG. 15 is a schematic diagram representing a computer
system for implementing the method, according to an
embodiment of the present invention.

DETAILED DESCRIPTION

FIGS. 1A and 1B is a schematic diagram of a system for
generating a collimated acoustic beam for characterizing for-
mations and/or materials near a borehole, according to an
embodiment of the present invention. The system 10 includes
one or more electrical signal generators 12 configured to
generate signals at a first frequency and a second frequency.
The signals are transmitted to a signal amplifier or amplifiers
14 that are configured to increase the power of the signals.
The signals modified by the amplifier 14 are transmitted to
one or more transducers 16 that are configured to generate
acoustic waves at the first and the second frequency. The
acoustic waves are transmitted to a non-linear material 17,
which mixes the waves at the first frequency and the second
frequency by way of wave mixing process to produce a col-
limated acoustic beam 18 at a third frequency. In one embodi-
ment, the collimated acoustic beam 18 can have a frequency
in the range between about 15 kHz and about 120 kHz. This
frequency range can be increased by using, for example,
different transducers and primary frequencies. The colli-
mated acoustic beam 18 can be a continuous acoustic signal
ormay also comprise one or more acoustic pulses (e.g.,a train
of'acoustic pulses).

The non-linear material 17 can be a liquid, a mixture of
liquids, a solid, a granular material embedded in a solid cas-
ing, embedded microspheres, acoustic meta-materials, or an
emulsion. By way of a non-limiting example of such a non-
linear material is Fluorinert FC-43. Fluorinert is selected for
its relatively low sound velocity (646 m/s) and high acoustic
nonlinearity ($~7.6). Depending on the operating conditions
in the borehole, other non-linear materials can be used as a
non-linear mixing medium with suitable low sound velocity,
high non-linear coupling, absorption length, shock wave
length, temperature and pressure operating ranges, as well as,
other requirements required by operability specifications.
Moreover, the length of the non-linear material can be very
compact and can range from between 5 cm to 2 meters for the
frequency range between approximately 15 kHz and approxi-
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mately 120 kHz depending on the type of materials being
used. The non-linear material can be disposed in a housing,
such as for example a cylindrical container. The axis of the
non-linear material-filled housing can be aligned with a bore-
hole axis, such that the difference frequency acoustic beam
that is output by the non-linear material propagates along this
axis.

The non-linear behavior may be characterized through the
analysis of the properties of P-waves resulting from the non-
linear mixing phenomenon in which two incident waves at
two different frequencies, f; and f,, mix to generate third
frequency components at the harmonics and inter-modulation
frequencies f,—f|, f,+1], 2f, and 2f,, etc. In an aspect of the
invention, the non-linear collinear mixing phenomenon is
designed to occur in the non-linear material inside the well-
bore. In general, only the resulting third wave of difference
frequency f,—f, is of interest to this application. The higher
frequencies only propagate a short distance and tend to be
absorbed in the non-linear material itself. In some embodi-
ments, the third wave or collimated beam has a frequency
between approximately 15 kHz and approximately 120 kHz.
However, a wider frequency range and higher frequencies are
also within the scope of the present invention. In one embodi-
ment, the frequency bandwidth of the third wave is deter-
mined by the two primary frequencies f; and f, where one
frequency (e.g., frequency f;) is kept fixed and the other
frequency (e.g., frequency f,) is swept in time very rapidly
(e.g., chirped). Hence, for example, by mixing a tone-burst of
a few cycles of high frequency (e.g. frequency f;) with a
frequency chirp around that frequency f; one can obtain a
broadband signal. However, it is also possible to mix a variety
of signals to create a desired time response as well as a
frequency response. For example, the compact parametric
array source can be programmed to generate Gaussian pulse
with frequency range between approximately 15 kHz and
approximately 120 kHz by mixing two high frequency Gaus-
sian pulses in the Fluorinert-filled chamber. The resultant
generated beam pulse at frequency f,—f| acts like an acoustic
particle (analogous to phonon in solid state physics) traveling
in the propagating medium. The sharp pulse feature allows
measurement with raw data without any kind of signal pro-
cessing, such as cross-correlation and this speeds up the mea-
surement significantly. The experimental measurement sys-
tem for the evaluation of this parametric array source for
imaging features around a borehole casing is described in the
next paragraph.

In one embodiment, the transducer 16 and mixing material
17 can be replaced by an end-fire array of polyvinylidene
difluoride (PVDF) film acoustic source 30 shown in FIG. 1C.
The end-fire of PVDF film acoustic source 30 comprises a
plurality of spaced apart piezo-electric (PZT) layers (e.g.,
PVDF films) 32. PVDF provides some immediate benefits
over piezoceramics. PVDF has high mechanical damping and
a complex permittivity. Transducers constructed with PVDF
can therefore have very broad bandwidth, producing a pres-
sure wave of short duration, thus offering good spatial imag-
ing resolution at lower operating (and hence minimally
attenuating) center frequencies than piezoceramics. Addi-
tionally, the acoustic impedance (Z) of PVDF (Measurement
Specialties, Norristown, Pa.) is approximately 2.7 MRayls
relative to the acoustic impedance of water which is equal to
approximately 1.48 MRayls. When using PZT layers, the
non-linear mixing material or medium 17 may be removed
and substituted with any fluid that has good transmission
properties at the desired operating frequency range (e.g.,
between approximately 1 kHz and approximately 120 kHz)
and low acoustic absorption. The PVDF films 32 can be
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mounted inside a housing 34 (e.g., a cylinder). Although the
end-fire array acoustic source 30 is described herein as using
PVDF films, as it can be appreciated, other piezo-electric
films can be used. Although, the housing 34 is depicted in
FIG. 1C as having a cylindrical shape with a circular base, the
housing 34 can have a cylindrical shape or configuration with
any base-shape (e.g., a polygonal base-shape). The acoustic
source further includes a non-linear medium filling between
the piezo-electric layers (e.g., PVDF films). In one embodi-
ment, the housing 34 is filled a medium such as a fluid having
an acoustic impedance substantially matching the acoustic
impedance ofthe PVDF film 32. In one embodiment, the fluid
can be, for example, water as the acoustic impedance of the
PVDF film 32 substantially matches the acoustic impedance
of water. In another embodiment, water can be replaced by
Fluorinert (e.g., FC-43). The impedance mismatch between
PVDF and Fluorinert changes just slightly but the sound
speed in the liquid becomes significantly lower, that is 640
m/s in FC-43 as compared to 1480 m/s for water. However,
Fluorinert FC-43 decomposes at elevated temperatures, over
390° F. The use of Fluorinert allows the size of the source to
be decreased by almost one third as compared to the size
when using water because the acoustic speed in Fluorinert is
lower. In one embodiment, the end-fire array source 30 fur-
ther includes acoustic absorber material 31 disposed at a first
end of the housing 34 and a plate 33 disposed at a second end
of'the housing 34 opposite the first end. On one embodiment,
the plate 33 can be made into an acoustic lens to provide
manipulation of the acoustic beam collimation or focusing,
etc. The PVDF films provide a very broadband source of
sound from 1 kHz to 100 MHz. In addition, in one embodi-
ment, a lateral wall of the housing 34 can be layered with
acoustic insulation 35 to prevent the acoustic waves generated
by the PVDF films from reflecting from the lateral wall.

The end-fire array based on PVDF film acoustic source 30
is capable of outputting a more powerful acoustic wave
(which can be, for example, in a form of cone or a collimated
or parallel beam) than a conventional parametric array using
a single transducer. Each of the plurality of piezoelectric
layers (e.g., PVDF films) is configured to generate an acoustic
wave. The non-linear medium and the plurality of piezo-
electric layers have a matching impedance so as to enhance a
transmission of the acoustic wave generated by each of plu-
rality of layers through the remaining plurality of layers.

In one embodiment, an electrical generator such as electri-
cal generator 12 can be provided to electrically excite at least
one piezo-electric layer in the plurality of piezo-electric lay-
ers to generate an acoustic wave pulse, as illustrated in FIG.
1D. For example, the electrical signal generator 12 can be
configured to electrically excite the plurality of piezo-electric
(e.g., PVDF) films 32 to generate a plurality of acoustic wave
pulses that are separated in time to form a train of acoustic
wave pulses. The electrical signal generator 12 can be con-
figured to generate a wide variety of signal waveforms (tone
bursts, frequency chirps, square waves, triangular waves, and
any trigonometric waveform shape etc.) in addition to a Gaus-
sian pulse, and a cascade of time delay generators. The time
delay T can be adjusted so that it is equal to the time for an
acoustic pulse to propagate from one layer to the other so that
it arrives exactly at the time when the next layer is excited.
The time delay T can be adjusted that it is substantially equal
to a separation distance d between two consecutive PVDF
films 32 divided by the velocity “c” of sound in the medium
between the consecutive PVDF films 32. Hence, if, for
example, the first film 32A is excited at time t equal to zero to
generated a first pulse, the second film 32B can be excited at
time t delayed by delay time T to generate a second pulse, and
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the third film 32C can be excited at time t delayed by delay
time 2t to generate a third pulse, etc. In this way, the first pulse
generated by the first film 32A arrives at the second film 32B
at substantially the same time the second pulse is generated at
the second layer 32B. Similarly, the first pulse and the second
pulse arrive at the third film 32C at substantially the same time
the third pulse is generated at the third layer 32C, etc. Each
PVDF film 32 can be fed from these delay generators with the
appropriate delay according to the position of the PVDF film
32 within the housing 34. Each PVDF film 32 can also be
excited by a delayed electrical signal whose amplitude can
also be properly adjusted and shaped. The purpose of this
approach is to have acoustic pulses from all previous layers or
films to arrive at the last layer when the last layer is excited so
that all the waves add up and produce a strong pulse. If there
are N layers then the signal emanating from the last layer will
be approximately N times the power generated by each layer
after subtracting off the loss of the signal in the layer and in
the medium. Although it is simpler to have all layers posi-
tioned at equal intervals in space but that is not necessary.
Indeed, the various layers can be positioned at any position
and the interval between the layers can be different. The time
delay can be appropriately selected to take into account the
separation between the various layers. A linear phased array
approach with fixed frequencies can also be implemented by
properly varying the delay between the PVDF films 32.

In one embodiment, each PVDF film was excited by a 500
kHz tone burst. Frequencies from 50 kHz to 1 MHz may also
be used if desired. There is no higher cut off frequency till
almost 100 MHz and is only somewhat limited mainly by the
absorption of sound in the liquid that these films are immersed
in. Experimental data is plotted in FIGS. 1E and 1F. FIG. 1E
shows the signal from all 4 PVDF transmitters when no
electronic delay is used. In this case, each signal arrived at the
receiver based on its distance from the receiver. FIG. 1F on
the other hand shows when appropriate time delay was used,
all the signal arrived at the last transmitter at the same time. In
this case, the detected signal by the receiver now shows the
large superimposed signal.

The efficiency of the end-fire acoustic source can be
increased by using PVDF films that are slightly curved
instead of being stretched flat. In one embodiment, each
PVDF film can be provided with plastic cross made of thin
plastic wire (or a metal wire) attached to it so as to make the
surface of film slightly curved in a symmetrical manner. Each
of the PVDF films has a thin layer of electrode on opposite
sides where electrical connections are made for the excitation
ofthe film. The array of films 32 is built into a wire frame and
then inserted into the cylinder. The cables are brought out
through an exit hole on the absorber side of the cylinder.

For example, in operation, a first PVDF film 32A may be
configured to generate a first acoustic pulse, a second PVDF
film 32B may be configured to generate a second acoustic
pulse delayed relative to the first pulse, a third PVDF film 32C
may be configured to generate a third acoustic pulse delayed
relative to the second acoustic pulse, etc. The third PVDF film
32C can be configured to be transparent to the first and second
acoustic pulses. The second PVDF film 32B can be config-
ured to be transparent to the first acoustic pulse. The first,
second and the third acoustic pulse are summed and, as a
result, the PVDF film acoustic source 30 can output a signal
comprising the first, the second and the third acoustic pulses.
This provides not only the ability to control the power of the
output acoustic beam but also the energy of the individual
pulses and the delay between the various pulses. In this
example, the PVDF film acoustic source 30 is described as
having three PVDF films. However, any number of PVDF
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films can be used. In one embodiment, the housing 34 is
surrounded by an acoustic absorbing materials (not shown) to
prevent an acoustic energy scattering to the side of the hous-
ing 34.

In another embodiment, the sound waves generated by
each of the PVDF films 32 arrive at the front disc 33 at the
same time and add up in power. Each PVDF film is excited by
an electrical pulse (Gaussian shaped) that has a signal band-
width between about 15 kHz and about 120 kHz. However,
the PVDF can be excited to generate acoustic waves at any
frequency range within the operating frequency of the films.
In this way, all the sound pulses generated by each element or
PVDF film 32 arrives at the front element 33 at the same time
and sum up to produce a powerful signal that is close to N
times the power output of each element after subtracting the
small transmission loss in the liquid and the film. The loss in
the liquid is minimal at these frequencies.

In one embodiment, the collimated acoustic beam 18 can
be steered in a particular direction by an acoustic beam guide
20. In one embodiment, the acoustic source (transducers 16
and non-linear material 17 or acoustic source 30) and acoustic
beam guide or steering device 20 are disposed within a hous-
ing 22. The acoustic beam guide 20 can be an acoustic reflec-
tor or an acoustic lens, or a combination of both. The acoustic
reflector can be a material with different acoustic impedance
from the surrounding medium in which the beam propagates.
One non-limiting example of such an acoustic reflector is
metal plate. In one embodiment, the acoustic lens may be
configured to focus the collimated acoustic beam at a particu-
lar focal point and direction and can have a concave shape. A
Fresnel-type mirror arrangement can also be used for the
acoustic beam guide. The acoustic beam guide 20 can be
rotated or tilted into a particular orientation by using one or
more actuators (not shown) coupled to the acoustic beam
guide 20. Alternatively, in some embodiments, the acoustic
beam guide 20 may not be used, and the collimated beam 18
would propagate along the axis of the housing 22. For
example, the housing 22 can be made of plastic or other
suitable material. In one embodiment, the housing 22 can be
in the form of a cylinder or pipe section with a circular base,
as shown in FIGS. 1A and 1B. However, the housing 22 may
have other configurations such as a cylinder with a polygonal
base (e.g., square, rectangular, hexagonal, pentagonal, etc.).
In one embodiment, the housing 22 may be filled with a liquid
(e.g., water).

FIG. 14A depicts the acoustic measurement system dis-
posed within a borehole, according to embodiment of the
present invention. The collimated beam 18 can be steered to a
particular direction toward an object or target of interest such
as a cement sheath or rock layers behind casing 19A within a
borehole 11 or object 19B (e.g., crack, fracture, void, etc.)
within the rock formation 13 near the borehole 11, as shown
in FIG. 14A. Inhomogeneities of formations, materials or
structures, such as object 19A, for example, will generate
refraction or surface wave propagation 21A which is scat-
tered as acoustic wave 21B and detected by receiver 24.
Similarly, inhomogeneities within the rock formation 13 such
as crack or fracture 19B creates a reflection or scattering of
the acoustic beam 18 and the reflected acoustic wave 21C can
then be detected by receiver 24. Acoustic beam 18 can gen-
erate elastic waves, e.g. refractions and surface propagation
waves, traveling along the boundaries with the rock formation
13 and boundaries between the borehole and rock formation
13. The reflected, scattered waves or surface waves and other
types of waves are received by receiver 24.

FIG. 14B depicts the acoustic measurement system dis-
posed within a borehole, according to another embodiment of
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the present invention. In this embodiment, the acoustic beam
18 output by the acoustic source 16, 30 can be directed using
steering device 20 downwardly generally in the direction of
axis 15 of borehole 11. In this case, the acoustic beam or
acoustic wave 18 can be used to investigate rock formation 13
that has not been drilled and thus investigate ahead of the drill
bit. This can be performed, for example, during drilling
operations. When the acoustic beam 18 is directed generally
downwardly towards the rock formation 13, object(s) 19C
(e.g., rock layers within the rock formation) reflect some of
the acoustic beam energy 18 as acoustic wave 21D which can
then be detected by receiver 24. The location or distance of the
object 19C from the acoustic source 16, 30 can then be deter-
mined based on the received acoustic wave 21D.

Similarly, amount of tilt of the layers 19C can also be
determined based on the inclination of the acoustic beam 18
(e.g., relative to borehole axis 15) and received acoustic wave
21D. FIG. 14C shows a situation where the layers 19C are
tilted relative to the borehole 11 or borehole axis 15. In this
case, the beam steering device 20 (e.g., a tiltable acoustic
mirror or prism, etc.) which is disposed in front of the source
30 can be used to direct the acoustic beam 18 in any direction
including a direction towards the layers 19C. If the steering
device 20 is positioned vertically, then it allows the sound
beam from the source to pass through without any significant
amount of blockage. If the layers 19C are tilted at an angle
then the acoustic beam 18 will not be reflected by the layers
19C and as a result no reflected acoustic signal is detected by
the receiver 24. If, on the other hand, the steering device 20 is
rotated or tilted such that the orientation of the acoustic beam
18 is substantially perpendicular or normal to layers 19C, an
acoustic signal 21D can then be reflected from the tilted layers
21D and can be detected by the receiver 24. The steering
device can be oriented azimuthally in addition to inclination
or elevation to provide a complete picture of what lies ahead
of the drilling bit.

As shown in FIG. 1B, the receiver 24 can also be provided
within housing 22. However, the receiver 24 can also be
provided separate from the housing 22 to allow independent
movement of the receiver 24 and source 16. The receiver 24
can be configured so as to receive the reflected, scattered,
diffracted, etc. wave 21. In one embodiment, an acoustic
absorber 23 can be disposed between the acoustic beam guide
20 and the receiver 24, for example to prevent acoustic waves
that may have not been reflected or otherwise directed by
beam guide 20 from reaching the receiver 24. In one embodi-
ment, by placing the receiver 24 within the same housing 22,
the receiver 24 is able to receive the reflected or scattered
wave 21 while the housing 22 is moved, i.e., the source 16 and
the receiver 24, and the housing 22, etc. are moved as a whole
as a single device 9 along the borehole 11 (as shown in FIG.
14). However, in another embodiment, the acoustic source
(e.g. the acoustic source 16 with mixing material 17 or the
acoustic source 30) and the receiver 24 can be independently
moved along the borehole 13. The reflected acoustic waves 21
are detected by receiver 24 and are converted into an electrical
signal which can be transmitted to processing electronics 26
for analysis. The processing electronics 26 can include a
computer with appropriate software for characterizing the
rock formation or material or structure surrounding the bore-
hole, including producing 2D or 3D images of the formation
or the material around the borehole 11.

In some embodiments, the entire device 9 including the
transducers 16 (or the end-fire acoustic source 30), the non-
linear material 17, the steering device 20, and receiver 24 can
be moved up and down the length of the borehole 11 to image
a particular formation near the borehole or investigate the
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structure of the borehole casing. However, in other embodi-
ments, the acoustic source (e.g., the acoustic source 16 with
mixing material 17 or the acoustic source 30) and the steering
device 20 can also be moved independently from the receiver
24 (for example while the receiver is fixed). Moreover, the
entire device 9 with or without the receiver 24 can be rotated
around the axis 15 of the borehole 11 to image rock forma-
tions, structures, materials, etc. in any azimuthal direction
around the borehole 11.

FIG. 2A is a schematic representation of the receiver 24,
according to an embodiment of the present invention. The
receiver 24 comprises a plurality of receiver elements 40. The
receiver elements 40 can be an array of PVDF films. In one
embodiment, the array can be produced from a single PVDF
sheet with properly depositing electrodes on both sides of the
film (or etching out a previously metallized electrode over the
entire surface) and leaving a gap between neighboring ele-
ments. Each of these electrodes then behaves as a piezoelec-
tric receiver element, A typical array element size can be
approximately 1 cmx1 cm but it can be almost any size
depending on the needed resolution of the experiment. In one
embodiment, electrical lines can be laid down on the film or
the PVDF sheet for electrical connections. The entire sheet
with electrodes can then be covered with a very thin sheet of
material (e.g., Mylar) for protection and electrical shorts.
Therefore, a linear array can be wrapped around, as shown in
FIG. 2B, as a circular configuration made around an acousti-
cally absorbing material (e.g., foam) to create a circular array
that covers 360 degrees. The receiver elements 40 are
mounted on surface 428 of an acoustic absorbing material
(e.g., acoustic absorbing foam, sponge or various types of
silicon rubber) 42. FIG. 2C depicts a schematic representa-
tion of the receiver 24, according to another embodiment of
the present invention. In this embodiment, a large sheet of
PVDF film can be used to create an array of 2-dimensional
arrangement (i.e., a matrix arrangement) of transducer
receiver elements 40. The array of transducers 40 can then be
wrapped around a cylindrical configuration to create an array
that can provide complete 360 degree coverage around the
axis of the cylindrical configuration, in addition to vertical
coverage along the axis of the cylindrical configuration. In
this way, the receiver array does not need to be physically
rotated azimuthally in the borehole. In this case, a different
vertical series or rows of PVDF layers or a one-dimensional
array of PVDF films within the two-dimensional array of
PVDF film can be electronically selected to detect acoustic
signals. Typically, in operation, all PVDF elements can be
scanned first at a given location to determine the direction
from which any signal is coming and then the appropriate
vertical arrays can be used to track this signal. Signal multi-
plexor electronics can be used to carry out this kind of elec-
tronic scanning and the detected signal can be subsequently
amplified and digitized. As shown in FIGS. 2B and 2C, the
acoustic absorbing material 42 has a cylindrical configuration
with a circular base. However, as it can be appreciated, the
absorbing material 42 can have any desired configuration
such as a cylindrical configuration with a polygonal base or
elliptical base, or other shape. By mounting the receiver ele-
ments 40 on the surface 428 of the absorbing material 42, the
receiver elements 40 receive acoustic signals from the front
side of the receiver elements 40 and not from the back side of
the receiver elements 40.

FIG. 3 is schematic diagram of a laboratory measurement
system or experimental set up to test the measurement system
when deployed in a borehole environment, according to an
embodiment of the present invention. In the experimental set
up, the housing 22 including the acoustic source (e.g., the
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acoustic source 16 with mixing material 17 or the acoustic
source 30), the beam steering device 20 and the receiver 24
are positioned within an axial borehole 11A in a barrel (e.g.,
a cement barrel) 29 that simulates the borehole 11 with a
cement casing. The acoustic measurement system 9 includes
acoustic source (e.g., the acoustic source 16 with mixing
material 17 or the acoustic source 30), mirror system 20 and
receiver 24. In one embodiment, acoustic source (e.g., the
acoustic source 16 with mixing material 17 or the acoustic
source 30), non-linear medium 17, mirror system 20 and
receiver 24 are disposed inside housing 22. In one embodi-
ment, the receiver 24 is configured such that it only receives
acoustic signals from the front. The receiver 24 is shielded
from other signals such as back signals (i.e., signals that are
incident on the back of the receiver 24 are absorbed by
absorber 42). In one embodiment, the receiver 24 is config-
ured to move with acoustic source (the acoustic source 16
with mixing material 17 or the acoustic source 30). In another
embodiment, the receiver 24 can be moved independently of
the acoustic source (the acoustic source 16 with mixing mate-
rial 17 or the acoustic source 30). In order to test the efficacy
of this measurement system, a groove 25 is provided at an
outer periphery or outer surface of the barrel 29 (e.g., concrete
or cement barrel), as will be explained further in detail in the
following paragraphs.

In one embodiment, the acoustic source (the acoustic
source 16 with mixing material 17 or the acoustic source 30)
and the receiver 24 are configured such that the beam direc-
tion from the acoustic source (the acoustic source 16 with
mixing material 17 or the acoustic source 30), i.e., acoustic
beam 18, and the received signal 21 lie on the same plane. In
one embodiment, both the acoustic source (the acoustic
source 16 with mixing material 17 or the acoustic source 30)
and receiver 24 are rotated azimuthally from 0 to 360 degree.
However, in another embodiment, only the mirror 20 is
rotated while the source (the acoustic source 16 with mixing
material 17 or the acoustic source 30) and the receiver 24 are
fixed. Indeed, by providing receiver 24 with a cylindrical
configuration where receiver elements 40 are disposed on the
surface ofthe cylindrical configuration, the receiver 24 is able
to detect an acoustic signal at angle from 0to 360 deg. without
having to move or rotate the receiver 24. Similarly, the acous-
tic source (the acoustic source 16 with mixing material 17 or
the acoustic source 30) need not be reoriented to be able to
scan a desired field azimuthal angle. The azimuthal field
angle can be scanned by simply rotating the steering device
(e.g., mirror 20). The acoustic beam emitted by the acoustic
source (the acoustic source 16 with mixing material 17 or the
acoustic source 30) is reflected by the beam steering device
(e.g., mirror) 20 and directed as acoustic beam 18 towards
inner wall of cement barrel 29. The acoustic beam 18 interacts
with the material of the barrel 29, the material outside barrel
29, the interface between the housing 22 and the barrel 29,
etc., and generates reflections, refractions or surface waves,
orany combinations of thereof. In a first scenario, the acoustic
beam, after being reflected by the mirror 20, may undergo a
reflection by the material of the barrel (e.g., cement barrel) 29
or the rock formation, or both. The reflected acoustic signal
may then be detected by receiver 24. This scenario is gener-
ally referred to as a reflective mode. In a second scenario, the
acoustic signal, after being reflected by the mirror 20, may be
refracted by the material of the barrel (e.g., cement barrel) 29
at the interface between the cement barrel 29 and the rock
formation. The refracted acoustic signal may then be detected
by receiver 24. This scenario is generally referred to as a
refractive mode. In yet a third scenario, the acoustic signal,
after being reflected by mirror 20 may generate surface waves
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at the interface between a surface of the borehole and the
cement in the barrel 29 (or rock formation in a field deploy-
ment) or at interface boundaries within the cement (or rock
formation). The surface waves will emit returning acoustic
signals that can be detected by the receiver 24. This scenario
is generally referred to as a surface wave mode.

FIG. 4A illustrates a characteristic of the beam pulse signal
emitted by the parametric acoustic source disposed within the
borehole in a laboratory experimental set up, according to an
embodiment of the present invention. The acoustic beam
signal pattern 45 on the exterior surface of the barrel 29 as a
function of time (time domain) is measured using a laser
Doppler vibrometer. The waveform of the signal 45 is shown
in FIG. 4A. FIG. 4B is a fast Fourier transform (FFT) of the
acoustic beam signal 45 to obtain the signal in the frequency
domain. The frequency bandwidth of the signal 45 can be
extracted from the FFT showing a broad frequency band-
width between about 15 kHz and about 120 kHz.

The unique characteristics of the acoustic source (the
acoustic source 16 with mixing material 17 or the acoustic
source 30) can be combined with various receiver elements or
modules 40 into a measurement system to perform azimuthal
borehole sonic measurements, three-dimensional (3D)
reflection imaging from a borehole, 3D refraction imaging,
3D fracture detection, 3D mapping of permeability, and 3D
mapping of channels between the cement barrel and rock
formation.

Because the high directivity of the beam pulse, many of the
deficiencies of the existing borehole acoustic measurement
systems cited above can be minimized. As discussed below,
the system has good azimuthal resolution as well as inclina-
tion direction control. In one embodiment, the azimuthal
angular resolution is between about 5 deg. and about 15 deg.,
forexample 10 deg. This new capability enables the extension
of borehole acoustic measurement to full 3D measurement
(the 3" dimension being the azimuthal angle).

FIG. 5 depicts data collected as a function of propagation
time, distance between receiver elements and acoustic beam
source and azimuthal angle in an experiment using the experi-
mental setup shown in FIG. 3, according to an embodiment of
the present invention. In this experiment the beam source is
directed at the rock formation at one azimuthal angle and one
inclination angle, and the linear receiver 24 with receiver
elements 40 is oriented to detect the returning signal in the
same azimuthal angles as the source beam, as shown in FIG.
6. The entire assembly of source, mirror and receiver are
rotated azimuthally in incremental steps of 10 degrees and the
returning acoustic signals data are recorded for all receiver
elements for each azimuthal increment. FIG. 5 shows five
panels labeled as panel 1 to panel 5 (P1, P2, P3, P4 and P5).
Each panel corresponds to data displayed for one azimuth
measurement (i.e., azimuthal angle). Each 10 deg. azimuthal
angle (i.e., 0 deg., 10 deg., 20 deg., etc.) corresponds to a
different panel (P1 through P5). The y-coordinate in each
panel represents the arrival time of the signal detected at the
various receiver elements 40. The x-coordinate in each panel
corresponds to the distance from vertical receiver element to
the source. The gray scale of the display corresponds to the
amplitude of the received acoustic signal. Within each panel
are shown a plurality of data points 58. Each of these points 58
corresponds to a signal detected by one of the plurality of the
receiver elements 40 of receiver 24. In this example, receiver
24 is provided with 12 receiver elements 40. Therefore, 12
data points are detected by the receiver 24, each point corre-
sponding to a signal detected by one of the 12 receiver ele-
ments 40. Each of the 12 data points has a different arrival
time corresponding to the arrival of the signal to each of the 12
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receiver elements 40. As shown in FIG. 5, the first linear
signal arrival 50 corresponds to P-wave compression refrac-
tion wave commonly measured in sonic log. The second and
third linear signal arrivals 52 and 54 correspond to surface
waves such as Rayleigh, Stoneley or Lamb waves. Signal
arrivals due to reflection from cement/air interface at barrel
perimeter are shown at 56.

FIG. 7 depicts reflection data obtained in an experiment
similar to the data shown in FIG. 5A but after performing
signal processing to filter out the linear arrivals. There are 36
panels P1-P36 and each panel corresponds to an azimuthal
angle and the 36 panels range from 0 to 180 degrees. For
example, panel P1 corresponds to azimuthal angle of 0 deg.
The y-coordinate represents the arrival time at the receiver 24.
The y-coordinate in each panel represents the arrival time of
the signal detected at the various receiver elements 40. The
x-coordinate in each panel corresponds to the vertical dis-
tance from receiver element to the source. The gray scale of
the display corresponds to the amplitude of the received
acoustic signal. Within each panel, i.e., within each azimuthal
angle range, hyperbola-like curves 59 can be seen. Each curve
59 corresponds to data of a signal detected by one single
receiver element 40 in the receiver 24. The series of wave
patterns 60 and 62 correspond to a reflection from a perimeter
or outer periphery of the cement barrel 29 while the wave
pattern 64 corresponds to a reflection from a surface of the
groove 25 (at an interface of the cement and air). As it can be
noted, the waves reflected from the surface of the groove 25
arrive to the receiver 24 earlier than waves reflected from the
cylindrical surface of the barrel 29. Furthermore, the position
of the groove 25 can be ascertained by using the azimuthal
measurement method and system described herein. The
present method achieves excellent azimuthal resolution
which allows detecting defects within a structure such within
a casing within a borehole or at an interface of the borehole
and the rock formation, etc. For example, as it can be noted in
FIG. 7, the groove 25 can be located at specific azimuthal
angles or within an azimuthal angular range allowing a deter-
mination of a position or location of a structure, such as a
structural defect, a fracture, or the like.

FIG. 8 depicts a different data display of the same experi-
ment with a different sorting. There are 12 panels (from P1 to
P12) in FIG. 8. Each panel (P1, P2, . . ., P12) corresponds to
data of signals detected by one of the 12 receiver elements 40
in receiver 24. Within each panel (e.g., panel P1) the x-coor-
dinate represents the azimuthal angle (in the range from 0 deg.
to 360 deg.). The y-coordinate represents arrival time at each
of the 12 receiver elements 40 of receiver 24. The gray scale
of the display corresponds to the amplitude of the received
acoustic signal. As can be seen in FIG. 8, the reflection from
the groove 25 is detected by some detector elements 40 (for
example, at panels P1 through P4) and not by other detector
elements (for example, at panels P9 through P12). In addition,
it can be noted that, for panel P1 for example, the groove 25
is clearly seen in the middle of the panel which correspond to
an azimuthal angle around 90 deg. The reason for detecting
the groove 25 with specific receiver elements 40 (panels P1
through P4) and not by other receiver elements 40 (panels P9
through P12) is due to the fact that the acoustic beam 18 has
a specific angular elevation spread and thus is reflected selec-
tively to specific detector elements 40. Hence, detector ele-
ments 40 (corresponding to panels P9 through P12)) that are
outside of the scattered, reflected, diffracted acoustic wave
beam from the groove 25 are not able to detect the reflected,
diffracted, scattered beam from groove 25. However, as it can
be appreciated, if the receiver 24 is moved vertically, other
receiver elements 40 within the receiver 24 can then detect the
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signal reflected, diffracted or scattered by the groove 25. In
this case, the groove may then be seen in panels P6 through
P10 if the inclination of the groove changes, for example.
Hence, the present measurement system is not only capable to
resolve a position of a structure in azimuthal angle but also in
elevation angle as well.

Furthermore, the elevation information can be utilized to
determine an orientation of the structure (e.g., groove 25). For
example, in the laboratory experiment described in the above
paragraphs, the groove 25 is parallel to the axis of the bore-
hole in the cement barrel 29. However, the grove 25 can also
be positioned oblique, i.e., at an angle relative to the borehole
axis, in which case, the angular elevation information which
depends on the orientation of the groove 25 can be different.
Indeed, depending on the angular orientation of the structure
(e.g. groove 25) relative to the borehole axis, the reflected,
diffracted beam by the groove 25 can be directed preferen-
tially to specific receiver elements 40. As a result, the groove
25 can be seen in the plotted data or image at different panels
(e.g., at panels P7 and P8). By determining in which panels
the groove 25 is detected, it is possible to infer the angular
inclination of the groove 25.

FIG. 9 depicts another experiment in which the orientation
of the receiver 24 is fixed (i.e., the receiver is not rotated) and
the mirror is rotated azimuthally between 0 and 360 degrees
at an increment of 20 degrees. 19 panels are displayed with
each panel corresponds to signal data recorded with one the
azimuthal angle from 0 deg. to 360 deg. azimuthal angle at 20
degree increment. The y-coordinate represents arrival time at
the receiver elements 40 of receiver 24. The x-coordinate in
each panel corresponds to the vertical distance between the
receiver element and the source. The gray scale of the display
corresponds to the amplitude of the received acoustic signal.
The data clearly shows excellent azimuth resolution with the
maximum energy of the linear arrivals occurring when the
beam orientation and receiver reception orientation are
aligned. This shows that the propagation path that is rather
narrow in extent and does not spread too much azimuthally.

FIGS. 10A and 10B depict an experimental acoustic setup,
according to another embodiment of the present invention.
FIG. 10A is a longitudinal schematic view of the experimen-
tal setup and FIG. 10B is atop view of the experimental setup.
The experimental setup includes is similar in many aspects to
the experimental set up shown schematically in FIG. 3. The
cement barrel 22 is lined with a steel axially arranged inner
casing 100. A pipe or tube 102 is embedded within the cement
barrel 22. A groove 25 is also cut or carved on an exterior
surface of the cement barrel 22. A detachment foil 104 (e.g.,
Aluminum foil) is also provided within the housing 22. In this
embodiment, the detachment foil 104 is disposed in contact
with inner casing 100. Within the casing 100 of the cement
barrel 22 are disposed the acoustic source 16, 30, the non-
linear material 17, the mirror 20 and the receiver 24. As shown
in FIG. 10B, axes are drawn to indicate azimuthal angular
orientation (the orientation of the two axes is arbitrary). The
groove 25 is located at azimuthal angle between about 230
deg. and about 280 deg. The pipe or tube 102 is located at an
azimuthal angle between about 80 deg. and about 100 deg.
The detachment foil (e.g., aluminum foil) is located at an
azimuthal angle between about 140 deg. and about 190 deg.

FIGS. 11A-11C show plots of the measured data for vari-
ous azimuthal orientations or angles, respectively, at about
320 deg., at about 90 deg. and at about 165 deg., according to
an embodiment of the present invention. The azimuthal ori-
entation or angle of about 320 deg. (FIG. 11A) corresponds to
the orientation of the acoustic beam in a region where there is
no inclusion behind the inner casing 100, i.e., there is only the
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cement barrel wall. The azimuthal orientation or angle of
about 90 deg. (FIG. 11B) corresponds to the orientation of the
acoustic beam in a region where the tube (e.g., plastic pipe)
102 is included. The azimuthal orientation or angle of about
165 deg. (FIG. 11C) corresponds to the orientation of the
acoustic beam in a region where the detachment foil (e.g.,
aluminum foil) 104 is provided. In this plot, the y-coordinate
corresponds to the time it takes for the acoustic wave to be
received by receiver 24, the x-coordinate in each panel cor-
responds to the vertical distance of receiver element from the
source. The various curves in each plot correspond to the
acoustic signals received by the various receiver elements 40
in receiver 24. In this example, there is provided 12 receiver
elements 40 in receiver 24. However, any number of receiver
elements can be used. The curve closest to the x-coordinate
corresponds to the signal detected by the first receiver ele-
ment and the curve farthest to the x-coordinate corresponds to
the signal detected by the 12 receiver element. The first
receiver element is the receiver element that is closest to the
acoustic source 16, 30 and the 127 receiver element is the
receiver element that is farthest from the acoustic source 16,
30.

As shown in FIG. 11A, with no inclusion behind the inner
casing 100, the surface waves decay with distance along the
borehole, i.e. decay from the first receiver element to the 12
receiver element. As shown in FIG. 11C, with the delamina-
tion or detachment foil 104 behind the casing 100, the surface
wave amplitude is larger and decays more slowly as expected
because the steel pipe is not dampened by the contact with the
cement (i.e., the aluminum foils carries the acoustic waves
farther along the borehole). As shown in FIG. 11B, at azimuth
angles corresponding to the pipe 102, the surface wave ampli-
tude is larger and also decays more slowly. In addition to the
surface wave, a fast linear arrival just behind the P-wave first
arrival is recorded indicating additional wave mode traveling
along the wall of the pipe 102. This measurement data clearly
show that azimuthal information of rock formation behind the
steel casing can be gleaned from linear arrivals using a bore-
hole acoustic measurement system.

In addition to the ability of changing the azimuthal orien-
tation of the acoustic source beam by changing the azimuthal
angular direction of the mirror 20, the inclination of mirror 20
can also be changed to send the acoustic source beam along
any vertical direction. This allows the acoustic source beam to
be injected at different inclinations and azimuthal directions
to probe for reflection boundaries, refraction boundaries and
fractures of different orientations in the rock formation. The
data can be subsequently analyzed using various conven-
tional methods. Analysis of refraction arrivals along with
azimuthal resolution can provide for 3D imaging of velocity
by refraction analysis. This can provide better characteriza-
tion of near borehole alteration and characterization of the
skin of reservoirs.

In one embodiment, the measurement data are collected
using broadband beam pulse. In this way, information with
broad frequency bandwidth can be collected relatively
quickly. Indeed, in this case, there is no need to sweep the
frequency by chirping. Furthermore, in one embodiment, the
use of multiple acoustic sources to cover the entire the band-
width, for example, between about 15 kHz and about 120
kHz, may not be needed. The acoustic beam pulse with broad
bandwidth, for example between about 15 kHz and about 120
kHz, can provide measurements that can yield information on
cement bonding between the cement and the rock formation
in a borehole.

The present measurement system can be used for evaluat-
ing a cement casing or steel casing ina borehole. A simulation
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of guided wave propagation through the steel casing when a
sound beam pulse interacts with the steel casing is performed
under certain geometrical conditions. In this simulation, a 25
mm thick layer of cement is used between the steel casing and
Berea sandstone. The Berea is considered infinite in extent. It
is also assumed that the borehole is filled with water and there
is energy sink along the axis of the borehole. The simulations
were carried out using the DISPERSE software package from
the Imperial College, UK.

FIG. 12A-12C show plots of the acoustic simulation in the
frequency range of 20-120 kHz for various conditions. The
data in these plots are captured in the instance where the
borehole is filled with water. Each data set is generated under
different condition but in each case the receiver is at a distance
of'12 inches from the excitation point on the steel casing in the
axial direction. These data are showing the propagation char-
acteristics of a sound pulse (frequency chirp) of 100 micro-
second duration with a frequency span of 20-120 kHz and
with a Gaussian envelope. The graphs on the left side show
the amplitude of the received acoustic signal as a function of
time and the graphs of the right side show the fast Fourier
transform of the acoustic signal to the frequency domain
where the amplitude is plotted as a function of the frequency,
FIG. 12A is a plot of the data captured with water-steel-
concrete-air, where there is an air gap between the concrete
and the Berea sandstone. FIG. 12B is a plot of the data with
water-steel-concrete-water-Berea, where there a water gap
(e.g., a 1 mm gap) between the concrete and Berea. FIG. 12C
is a plot of the data captured with water-steel-concrete-Berea,
where everything is the interfaces between the water, steel,
concrete and Berea are in physical contact.

The plots depicted in FIGS. 12A-12C show significant
differences among them in terms of the characteristics of the
signal. When the concrete is in good contact with the Berea
sandstone, the energy of the waves through the steel dissi-
pates into the Berea and the observed amplitude is rather low
(as shown in FIG. 12C). When there is a detachment or gap
between concrete and Berea, the signal level is higher (as
shown in FIGS. 12A and 12B).

The second set of plots on the right which represent the
amplitude of the signal vs. the frequency shows the frequency
content of the received signal. Higher frequencies are damped
out when the concrete and the Berea are in good contact (as
shown in FIG. 12C). In addition, as can be noted in FIG. 12B,
the presence of water between the concrete and Berea con-
fines the energy to earlier times and the frequency content is
also narrowed. As shown in FIG. 12A, when the concrete is in
good contact with Berea, the signal spreads out in time with
the main arrival delayed significantly. The differences
between the various scenarios can be readily seen in these
plots. The simulated data shows that the described measure-
ment method or system can be used effectively for cement
evaluation around a borehole casing.

FIGS. 12A-12C above shows the frequency content of the
propagated signal under various conditions of borehole cas-
ing integrity in reference to the concrete and the Berea rock
formation behind it. Therefore, one cannot see in these figures
which frequencies are propagating at what strength at differ-
ent times. Another way to view the information presented in
FIGS.12A-12C can be based on a joint time-frequency analy-
sis of the data using a short-time Fourier transform (STFT)
approach. This provides the frequency content of the signal as
a function of time and thus allows one to see the frequencies
that are prominent at certain times during the propagation.
Hence, the STFT analysis of the data enhances the informa-
tion provided by FIGS. 12A-12C and introduces a powerful
analysis approach.
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FIGS. 13A-13C show the original simulated frequency
chirp propagation data along with the time-frequency analy-
sis of the same data. The plots on the right represent the 3D
time-frequency information for each of the situations dis-
cussed above with reference to FIGS. 12A-12C, respectively.
The x-axis corresponds to the time, the y-axis corresponds to
the frequency, and the z-axis or vertical axis corresponds to
the amplitude. In FIG. 13A, as shown in the 3D plot, where
the concrete is detached from the rest of the system and does
not see the rock formation, the energy in the waves propagate
through at three different velocities and this gives rise to the
three peaks at 0.1 second time interval. It also noted that the
wave also arrives relatively quickly, after 0.1 second. In FIG.
13B, as shown in the 3D plot, the situation is that there is a 1
mm gap filled with water between the cement and the rock
formation. The propagation characteristics of the acoustic
wave are completely different from the propagation charac-
teristics of the acoustic wave shown in FIG. 13 A. Indeed, all
the energy seems to be bunched together and propagates
relatively quickly through the casing and the cement and the
propagation is not influenced by the rock formation as if the
two parts are isolated. FIG. 13C depicts the situation where all
the layers are tightly coupled (steel casing, cement and the
rock formation). As shown in the 3D plot in FIG. 13C, the
presence of the rock formation has a strong loading influence
on the wave propagation and the wave propagation is delayed
significantly and the main energy peak arrives with a delay of
almost 0.5 second. These three examples show how the vari-
ous detachments or coupling between the layers can be
detected by this type of analysis and measurements.

In addition, by providing azimuthal resolution in borehole
acoustic measurements, rock characterization can be
improved and thus improve production engineering systems.
Furthermore, by proving azimuthal resolution in borehole
acoustic measurement, the integrity of the borehole can be
evaluated and thus improve the overall drilling safety. In
addition, azimuthal resolution in borehole measurements can
allow measure a stress surrounding the borehole and as a
result improve borehole completion methodology.

Furthermore, the borehole acoustic measurement system
and method described can also be used for imaging the rock
formation, indeed, the present measurement system and
method can fill a measurement gap between conventional
sonic tools that investigate less than a foot (approximately 33
cm) from the borehole with relatively a good vertical resolu-
tion and conventional long range sonic image tools such as
borehole acoustic reflection survey (BARS), from Schlum-
berger corporation, which investigate rock formation at tens
of feet from the borehole but with lower vertical resolution
and limited azimuthal resolution. For example the present
acoustic measurement method and system may be utilized in
various applications including:

1. 3D imaging of reservoir layers, stratigraphy, fractures,
faults, vugs (up to few feet such as 10 feet from the borehole)
with full azimuth resolution.

2. Measurement of compressional velocity Vp and shear
velocity Vs of the rock formation with full azimuth determi-
nation.

3. 3D analysis of geo-mechanical properties around bore-
holes from analysis of refraction waves and Lamb waves to
improve characterization of the invasion zone and any bore-
hole damage.

4.3D imaging of velocity of rock formation near the bore-
hole using refraction analysis.

5.3D mapping of fractures from reflections of linear arriv-
als
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6. 3D mapping of permeability and production skin of
reservoirs.

7. Focusing the acoustic beam with a phase-code Gaussian
pulses in the lower frequency range, e.g., between about 10
kHz and about 30 kHz for deeper penetration into the rock
formation while discriminating against background noise.

For example, in one embodiment, measurement of the
compressional and/or shear velocity of the rock formation in
the vicinity of the borehole at a plurality of azimuthal angles
using the above described measurement system can provide
valuable information on the stress around the borehole hence
allowing determining or predicting potential fracture position
and/or fracture propagation with the rock formation in the
vicinity of the borehole. It is known that formations having
relatively larger velocity variations are either relatively less
consolidated, or the stress in the formation is large. In both
situations, this may provide an indication as to the likelihood
of borehole collapsing. The acoustic measurement system
described in the above paragraphs can provide information on
the velocities as a function of azimuthal angle and/or eleva-
tion angle within the rock formation around the borehole.
Using the velocity as a function of azimuthal angle and or
elevation angle can in turn provide the azimuthal and/or incli-
nation angle of various stress areas and/or fractures, faults,
etc., and thus can ultimately provide information on the
anisotropy of the earth stress field around the borehole. In
addition, the position of a fracture or fault can be mapped in
3 dimensions (3D mapping) using the data acquired as a
function of azimuthal and elevation angle.

The above described measurement system and method can
also be used in mapping fluid permeability of subsurface
formations such as sub-surfaces penetrated by a borehole
including permeability due to fractures in the rock formation.
For example, this can be performed by measuring velocities
(compression velocity or shear velocity or surface waves or
any combination of the velocities cited) at various points
within the rock formation around the borehole. Based on the
measured velocity, the permeability can be extracted using
various known models.

In one embodiment, the method or methods described
above can be implemented as a series of instructions which
can be executed by a computer. As it can be appreciated, the
term “computer” is used herein to encompass any type of
computing system or device including a personal computer
(e.g., a desktop computer, a laptop computer, or any other
handheld computing device), or a mainframe computer (e.g.,
an IBM mainframe), or a supercomputer (e.g., a CRAY com-
puter), or a plurality of networked computers in a distributed
computing environment.

For example, the method(s) may be implemented as a
software program application which can be stored in a com-
puter readable medium such as hard disks, CDROMs, optical
disks, DVDs, magnetic optical disks, RAMs, EPROMs,
EEPROMs, magnetic or optical cards, flash cards (e.g.,aUSB
flash card), PCMCIA memory cards, smart cards, or other
media.

Alternatively, a portion or the whole software program
product can be downloaded from a remote computer or server
via a network such as the internet, an ATM network, a wide
area network (WAN) or a local area network.

Alternatively, instead or in addition to implementing the
method as computer program product(s) (e.g., as software
products) embodied in a computer, the method can be imple-
mented as hardware in which for example an application
specific integrated circuit (ASIC) can be designed to imple-
ment the method.
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FIG. 15 is a schematic diagram representing a computer
system 130 for implementing the methods, according to an
embodiment of the present invention. As shown in FIG. 15,
computer system 130 comprises a processor (e.g., one or
more processors) 132 and a memory 134 in communication
with the processor 132. The computer system 130 may further
include an input device 136 for inputting data (such as key-
board, a mouse or the like) and an output device 138 such as
a display device for displaying results of the computation.
The computer system 130 may be configured to control vari-
ous modules including a control module 140 to control the
signal generator 12, a control module 142 to control the
steering of the mirror 20, and acquisition electronics 26 for
acquiring the measurement data. The measurement data can
be stored in a storage device (e.g., a flash drive) for latter
visualization or processing, etc.

In one embodiment, there is provided a system for inves-
tigating structure near a borehole. The system includes an
acoustic source configured to generate an acoustic wave and
to direct the acoustic wave at one or more azimuthal angles
towards a desired location in a vicinity of a borehole. The
system further includes one or more receivers configured to
receive an acoustic signal, the acoustic signal originating
from a reflection or a refraction of the acoustic wave by a
material at the desired location. The system also includes a
processor configured to perform data processing on the
received signal to analyze the received acoustic signal to
characterize features of the material around the borehole.

Although the invention has been described in detail for the
purpose of illustration based on what is currently considered
to be the most practical and preferred embodiments, it is to be
understood that such detail is solely for that purpose and that
the invention is not limited to the disclosed embodiments, but,
on the contrary, is intended to cover modifications and
equivalent arrangements that are within the spirit and scope of
the appended claims. For example, it is to be understood that
the present invention contemplates that, to the extent pos-
sible, one or more features of any embodiment can be com-
bined with one or more features of any other embodiment.

Furthermore, since numerous modifications and changes
will readily occur to those of skill in the art, it is not desired to
limit the invention to the exact construction and operation
described herein. Accordingly, all suitable modifications and
equivalents should be considered as falling within the spirit
and scope of the invention.

What is claimed is:
1. An acoustic source for generating an acoustic beam
comprising:

a housing;

a plurality of spaced apart piezo-electric layers disposed
within the housing; and

anon-linear medium filling between the plurality of piezo-
electric layers,

wherein each of the plurality of piezoelectric layers is
configured to generate an acoustic wave, and
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wherein the non-linear medium and the plurality of piezo-
electric layers have a matching impedance so as to
enhance a transmission of the acoustic wave generated
by each of plurality of layers through the remaining
plurality of layers.

2. The acoustic source according to claim 1, wherein the
housing has a cylindrical configuration and the plurality of
piezo-electric layers are spaced apart along a length of the
cylindrical configuration.

3. The acoustic source according to claim 2, wherein the
cylindrical configuration has a circular base or a polygonal
base.

4. The acoustic source according to claim 1, wherein the
non-linear medium comprises a fluid.

5. The acoustic source according to claim 4, wherein the
fluid comprises water.

6. The acoustic source according to claim 1, wherein the
piezo-electric layer comprises a polyvinylidene difluoride
(PVDF) film.

7. The acoustic source according to claim 1, further com-
prising an electrical generator configured to electrically
excite at least one piezo-electric layer in the plurality of
piezo-electric layers to generate an acoustic wave pulse.

8. The acoustic source according to claim 1, further com-
prising an electrical generator configured to electrically
excite the plurality of piezo-electric films to generate a plu-
rality of acoustic wave pulses that are separated in time to
form a train of acoustic wave pulses.

9. The acoustic source according to claim 8, wherein the
plurality of time separated acoustic wave pulses are timed so
as to be summed to generate an acoustic beam with a power
substantially equal to a sum of powers of individual acoustic
wave pulses at an output of the acoustic source.

10. The acoustic source according to claim 1, further com-
prising an acoustic absorber material disposed at a first end of
the housing and a plate disposed at a second end of the
housing opposite the first end, the plate being selected from a
material that substantially transmits the acoustic wave at a
desired acoustic wavelength range.

11. The acoustic source according to claim 10, wherein a
lateral wall of the housing is layered with acoustic insulation
to prevent the acoustic wave from reflecting from the lateral
wall.

12. The acoustic source according to claim 10, wherein the
plate is configured to collimate the acoustic wave to obtain an
acoustic beam or focus the acoustic wave.

13. The acoustic source according to claim 1, wherein the
piezo-electric layers are equally spaced apart within the hous-
ing.

14. The acoustic source according to claim 1, wherein the
housing , the plurality of piezo-electric layers and the non-
linear medium are configured to generate an acoustic beam.

15. The acoustic source according to claim 1, wherein a
frequency of the acoustic wave is in a range between approxi-
mately 15 kHz and approximately 120 kHz.

* #* #* #* *
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$ZDUGV DQG 5HFRJQLWLRQ

Vamshi Chillara given Laboratory’s Postdoc Experimental Publication
3ULI]H

7KH /DE DZDUGHG WKH 3RVWGRF ([SHULPHQWDO 3XEOLFDWLRQ 3UL
&KLOODUD ODWHULDOV 6\QWK H V LIYfoD@ Gapeehititied tLOWlehGent YL FHV 03 $
S8OWUDVRQLF %HVVHO /LNH & Rod RddiRl Mdded & PléeAdeR@ric Br@skiideB'W LR Q |
SXEOLVEKISOLBEG 3K\VLAWH/BWSHUSUHVHQWY D YHU\ QRYHO DQG VLPSC
ultrasonic “Bessel beam ” :DYHV KDYLQJ WKH IRUP RI D %HVVHO EHDPV DUH LPSR!
GLYHUJHQFH ZKLFK JUHDWO\ HIWHQGYV WKH UDQJH RYHU ZKLFK WKH\
XOWUDVRQLF %HVVHO EHDPV FRXOG RQO\ EH FUHDWHG ZLWK FRPSOLT
RQ D SLHJRHOHFWULF GLVN

Chillara’s invention involves excitation of a piezo GLVN ZLWK D

FKRVHQ VLQJOH IUHTXHQF\ DQG YROWDJH DSSURSULI
FODPSLQJ WKH HGJHV RI WKH GLVN 7KLYV LPSOHU V
WHFKQRORJ\ DQG LW DOVR RIIHUV JUHD IRUPDQFH
with the old approach, Chillara’s technique creates ultrasonic Bessel

EHDPV WKDW DUH ERWK WLPHV VWURQJ DQHU JUH
HQKDQFLQJ WKHLU SHUIRUPDQFH LQ LPDJ V +H ILU\
WKH HITHFW WKURXJK WKHRUHWLFDO PRG YDOLGDW

HI[SHULPHQWDO ZRUN

&KLOODUD PDLQWDLQHG D KLJK OHYHO RI LQGHSHQGHQFH FRQGXFWL(
WKHRUHWLFDO PRGHOLQJ DQG H[SHULPHQWDO ZRUN WR GHYHORSPHC(
OLWWOH PRUH WKDQ HTXLSPHQW PHQWRULQJ DQG HGLWRULDO FRPP
& O Lisdenden of Penn State, “the paper has strong potential for large impact in acoustics because of the wide

range of applications where collimated beams are desirable”, including “secure underwater communications,

GLUHFWHG VRXQG EHDPV H J IRU PXVHXP H[KLELWV DQ\ W\SH RI XO
exploration, nondestructive evaluation), and medical therapy.” His mentor, Dipen Sinha (MPA QRPLQDWHG
9DPVKL IRU WKLV SUL]H
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HYHQW
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WKH S5LFKDUG 3 )H\QPDQ ,QQRYDWLRQ 3UL]JH DW D -XO\ F
S3RZHU RI WKH (QWUHSUHQHXU ~ /RV $ODPRV 1DWLRQDO /DERUD
1DWDOLLD ODNHGRQVND DQG SRVW GRFWRUDO UHVHDUFKHUYV -
&KLOODUD ZHUH DOVR UHFRJQL]JHG IRU WKHLU H[FHSWLRQDO U
HYHQW WKDW EULQJVY WRIJHWKHU LQYHVWRUV EXVLQHVV OHDG
DERXW GLVUXSWLYH WHFKQRORJLHV2WKRVH WHFKQRORJLHV Wk
OLYH DQG ZRUN2EHLQJ GHYHORSHG DW /RV $ODPRYV

3, QFUHDVLQJO\ GLVUXSWLYH WHFKQRORJ\ FKDQJH LV GULYHQ |
VDLG 'XQFDQ OF%UDQFK FKLHI WHFKQRORJ\ RIILFHU DW /RV $0O
ROQFH OLPLWHG WR VXSHUSRZHU QDWLRQV20LNH JOREDO SXEOL
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WHFKQRORJLHVY ZLWK QHZ EXVLQHVVY PRGHOV WR FKDQJH WKH =
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KHOS IXUWKHU WKH /DERUDWRU\YV PLVVLRQ ZKLOH VLPXOWDQF

, Q SULQFLSDO LQYHVWLJDWRUYV DW /RV $ODPRV 1DWLRQDO
ILOHG SDWHQW DSSOLFDWLRQV DQG KDG FRS\ULJKW DVVH

5LFKDUG 3 )H\QPDQ ,QQRYDWLRQ 3UL]H

1HZHOO D /RV $ODPRV 1DWLRQDO /DERUDWRU\ VFLHQWLVW ZKF
FRPPHUFLDOL]DWLRQ RI D VXFFHVVIXO TXDQWXP RSWLFV F\EHU

5LFKDUG 3 )H\QPDQ ,QQRYDWLRQ 3UL]JH $V WKH OHDGHU RI
FRPPXQLFDWLRQV WHDP KH SOD\HG D VSHFLDO UROH LQ WUDQ
WHFKQRORJ\ LQWR D FRPPHUFLDO F\EHUVHFXULW\ SURGXFW 8\

SKRWRQ EXQFKLQJ 1HZHOO DQG KLV WHD P? GHYLHF&RBEHBH WEW H Q
DQ DOPRVW SHUIHFWO\ UDQGRP GLJLWL]HG VLIJQDO2SURYLGLQ
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XQSUHGLFWDELOLW\ SURYLGHG E\ TXDQWXP PHFKDQLFV 7KH W
BHFXULW\ LQ 7KH FRPPHUFLDO VXFFHVV Rl WKH SURGXFW K
IXQGLQJ IXHOLQJ IXWXUH FDSDELOLWLHV LQ TXDQWXP HQFU\S

3,0 DQ RUIJDQL]DWLRQ ILOOHG ZLWK WHFKQLFDO LQQRYDWRUYV
WHFKQRORJ\ RXW RI WKH ODERUDWRU\ DQG LQWR WKH PDUNHW

'LVUXS7HFK :LQQHUYV
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ODNHGRQVNDYV SURSRVDO WR H[SDQG WKH XVH RI DQ H[LVWLQ.
VLPXODWHY DQG SUHGLFWYV WKH IORZ DQG WUDQVSRUW RI1 I0OXL
ZDV UHFRJQL]HG DV 20RVW )XQGDEOH = 7KLV DZDUG ZKLFK LQF
PDWXUDWLRQ IXQGYV LV FKRVHQ EDVHG RQ WKH SRWHQWLDO W
GHYHORSPHQW

$PRQJ WKH SRVW GRFWRUDO UHVHDUFKHUV . XELFHN 6XWKHUO
SUHVHQWDWLRQ DERXW GHYHORSLQJ DQ HIILFLHQW DIIRUGDEC
&KLOODUDITVY SURSRVDO WR XVH XOWUDVRXQG WR SRZHU PHGLEF
)XQGDEOH ~
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(52) US.CL acoustic signal to characterize features of the material around
CPC ... GO01V 1/50 (2013.01); E21B 47/0005 the borehole.
(2013.01); GO1V 1/42 (2013.01); BO6B 1/0688
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SYSTEM AND METHOD FOR SONIC WAVE
MEASUREMENTS USING AN ACOUSTIC
BEAM SOURCE

CROSS REFERENCE TO RELATED
APPLICATION

The present application is based on and claims priority to
U.S. Provisional Application No. 61/691,602, filed on Aug.
21,2012, the entire content of which is incorporated herein by
reference.

GOVERNMENT RIGHTS

This invention was made with Government support under
Cooperative Research and Development Agreement
(CRADA) Contract Number DE-AC52-06NA25396
awarded by the United States Department of Energy. The
Government may have certain rights in this invention.

FIELD

The present invention relates generally to acoustic interro-
gation of rock formations around a borehole, and more par-
ticularly to using the combination of an acoustic source
including a single or an array of transducers in the wellbore
coupled to a linear or non-linear material for producing an
acoustic beam as a probing tool from a borehole to interrogate
the properties of rock formations and materials surrounding
the borehole.

BACKGROUND

Acoustic interrogation of subsurface features tends to be
limited by the frequency bandwidth of practical sources. High
frequency signals have a relatively short penetration distance,
while low frequency signals do not have collimation and
generate unwanted signals within the well bore. It is difficult
to generate a collimated acoustic beam signal in the sonic
frequency range between about 15 kHz and about 120 kHz
from the borehole to probe the rock formation surrounding a
borehole with conventional transducers. Conventional sonic
acoustic sources have large beam spread, such that as the
frequency decreases, the beam spread increases. The beam
spread also depends on the diameter of the transducer, which
is limited by the borehole dimension. Sharp directivity steer-
ing for a particular frequency requires a number of conditions
to be satisfied, including a long source array, uniform cou-
pling of all the transducers to the rock formation around the
borehole and knowledge of the acoustic velocities of the rock
formation. In the borehole environment, these conditions are
not often achievable because of underlying physics con-
straints, engineering feasibility or operating conditions, espe-
cially when the source signal has broad frequency bandwidth.

Traditional monopole and dipole borehole acoustic logs
have been used to measure sonic velocity near the borehole
using frequency range less than about 8 kHz. However, at this
relatively low frequency, azimuthal resolution is relatively
low. There are a number of patents that attempted to overcome
this deficiency by using additional receivers to detect the
direction of the signals returning to the receivers (see, for
example, U.S. Pat. No. 5,544,127 and references cited
within)). Applications for borehole sonic for reflection imag-
ing, refraction imaging, fractures detection and permeability
determination have also been proposed (see, for example,
U.S. Pat. No. 5,081,611, U.S. Pat. No. 4,831,600, U.S. Pat.
No. 4,817,059, and U.S. Pat. No. 4,797,859). All of these
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2

conventional techniques have operational and azimuthal
resolution deficiency as the source lacks or has insufficient
azimuthal directivity and desired frequency bandwidth.

For cement evaluation, ultrasonic waves in the frequency
range of hundreds ofkilohertz (e.g., low ultrasonic frequency
range between 80 kHz and about 120 kHz and ultrasonic
frequency range around about 200 kHz) have been used to
detect a cement gap behind the casing. Even though frequen-
cies around 200 kHz allow for good azimuth resolution, the
distance range for detection at around this frequency is very
limited, i.e., the depth of penetration to investigate behind the
formation and channels between cement and rock formation
is limited for ultrasonic source at frequency around 200 kHz.
Conventional cement evaluation logs use a frequency of 30
kHz and can investigate deeper. However, these conventional
cement evaluation logs lack azimuthal resolution because the
wavelength is around the borehole radius and, consequently,
the borehole modes would excite the entire borehole. As a
result it is difficult to extract detailed azimuthal information
of the cement bonding. In order to overcome this deficiency,
multiple sources (emitting in the frequency range between 70
kHz and 120 kHz) and multiple receivers are used in a Sector
Bond Tool (SBT) system. However, even with the use of
multiple sources and multiple receivers, the conventional
SBT system was not able to cure the deficiencies of the prior
conventional cement evaluation logs as the source still lacked
azimuthal directivity to effectively detect the existence of
small channels between the cement and the rock formation.

SUMMARY

An aspect of the present invention is to provide a method
for investigating cement bonding or rock formation structure
near a borehole. The method includes generating an acoustic
wave by an acoustic source; directing at one or more inclina-
tion and azimuthal angles the acoustic wave towards a target
location in a vicinity of a borehole; receiving at one or more
receivers an acoustic signal, the acoustic signal originating
from a reflection or a refraction or surface wave propagation
of'the acoustic wave by a material at the desired location; and
analyzing the received acoustic signal to characterize features
of the material around the borehole.

Another aspect of the present invention is to provide a
system for investigating cement bonding or rock formation
structure near a borehole. The system includes an acoustic
source configured to generate an acoustic wave and to direct
the acoustic wave at one or more azimuthal angles towards a
desired location in a vicinity of a borehole. The system also
includes one or more receivers configured to receive an
acoustic signal, the acoustic signal originating from a reflec-
tion or a refraction or surface wave propagation of the acous-
tic wave by a material at the desired location. The system also
includes a processor configured to perform data processing
on the received signal to analyze the received acoustic signal
to characterize features of the material around the borehole.

Yet another aspect of the present invention is to provide an
acoustic source for generating an acoustic beam. The acoustic
source includes a housing; a plurality of spaced apart piezo-
electric layers disposed with the housing; and a non-linear
medium filling between the plurality of layers. Each of the
plurality of piezoelectric layers is configured to generate an
acoustic wave when excited with an electrical signal. The
non-linear medium and the plurality of piezo-electric mate-
rial layers have an acoustic matching impedance so as to
enhance a transmission of the acoustic wave generated by
each of plurality of layers through the remaining plurality of
layers.
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Another aspect of the present invention is to provide an
acoustic detector that includes a cylindrical support member
and a plurality of receiver elements that are disposed on a
surface of the cylindrical support member. The plurality of
receiver elements are configured to detect acoustic waves in a
plurality of azimuthal angular directions.

These and other objects, features, and characteristics of the
present invention, as well as the methods of operation and
functions of the related elements of structure and the combi-
nation of parts and economies of manufacture, will become
more apparent upon consideration of the following descrip-
tion and the appended claims with reference to the accompa-
nying drawings, all of which form a part of this specification,
wherein like reference numerals designate corresponding
parts in the various Figures. It is to be expressly understood,
however, that the drawings are for the purpose of illustration
and description only and are not intended as a definition of the
limits of the invention. As used in the specification and in the
claims, the singular form of “a”, “an”, and “the” include
plural referents unless the context clearly dictates otherwise.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B show a schematic diagram of'a system for
generating a collimated acoustic beam for characterizing for-
mations and/or materials near a borehole, according to an
embodiment of the present invention;

FIGS. 1C and 1D show a schematic diagram of an end-fire
array of polyvinylidene difluoride (PVDF) film acoustic
source used for generating a collimated acoustic beam,
according to an embodiment of the present invention;

FIGS. 1E and 1F depict the signal output by the end-fire
array of PVDF film acoustic source without applying a delay-
ing to an excitation electrical signal and when applying an
appropriate delay to the excitation electrical signal;

FIGS. 2A-2C are schematic representations of a receiver,
according to various embodiments of the present invention;

FIG. 3 is schematic diagram of an acoustic measurement
system, according to an embodiment of the present invention;

FIG. 4A illustrates a characteristic of a parametric array
beam pulse signal emitted by an acoustic source, according to
an embodiment of the present invention;

FIG. 4B is a fast Fourier transform (FFT) of the acoustic
beam signal of FIG. 4A to obtain the signal in the frequency
domain;

FIG. 5 depicts data collected as a function of propagation
time and azimuthal angle, according to an embodiment of the
present invention;

FIG. 6 depicts a schematic diagram of an experimental
set-up with receiver having a linear array of receiver elements
disposed on a surface of a cylindrical configuration, accord-
ing to an embodiment of the present invention;

FIG. 7 depicts reflection data obtained in an experiment
similar to the data shown in FI1G. 5 but after performing signal
processing to filter out the linear arrivals; according to
another embodiment of the present invention;

FIG. 8 depicts data collected as a function of propagation
time and receiver number after performing signal processing
to filter out the linear arrivals, according to an embodiment of
the present invention;

FIG. 9 depicts another experiment in which the orientation
of'the receiver 24 is fixed (i.e., the receiver is not rotated) and
the mirror is rotated azimuthally; according to another
embodiment of the present invention;

FIGS. 10A and 10B depict an experimental acoustic setup,
according to another embodiment of the present invention
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where FIG. 10A is a longitudinal schematic view of the
experimental setup and FIG. 10B is a top view of the experi-
mental setup;

FIGS. 11A-11C show plots of the measured data for vari-
ous azimuthal orientations or angles, respectively, at about
320 deg., at about 90 deg. and at about 165 deg., according to
an embodiment of the present invention;

FIGS. 12A-12C show plots of synthetic wave forms of
acoustic measurement in the frequency range of 15-120 kHz
forvarious borehole conditions, according to embodiments of
the present invention;

FIGS. 13A-13C shows simulated frequency chirp propa-
gation data along with the time-frequency analysis of the
same data, according to embodiments of the present inven-
tion;

FIG. 14A depicts the acoustic measurement system dis-
posed within a borehole, according to embodiment of the
present invention;

FIG. 14B depicts the acoustic measurement system dis-
posed within a borehole, according to another embodiment of
the present invention;

FIG. 14C depicts the acoustic measurement system dis-
posed within a borehole, according to yet another embodi-
ment of the present invention; and

FIG. 15 is a schematic diagram representing a computer
system for implementing the method, according to an
embodiment of the present invention.

DETAILED DESCRIPTION

FIGS. 1A and 1B is a schematic diagram of a system for
generating a collimated acoustic beam for characterizing for-
mations and/or materials near a borehole, according to an
embodiment of the present invention. The system 10 includes
one or more electrical signal generators 12 configured to
generate signals at a first frequency and a second frequency.
The signals are transmitted to a signal amplifier or amplifiers
14 that are configured to increase the power of the signals.
The signals modified by the amplifier 14 are transmitted to
one or more transducers 16 that are configured to generate
acoustic waves at the first and the second frequency. The
acoustic waves are transmitted to a non-linear material 17,
which mixes the waves at the first frequency and the second
frequency by way of wave mixing process to produce a col-
limated acoustic beam 18 at a third frequency. In one embodi-
ment, the collimated acoustic beam 18 can have a frequency
in the range between about 15 kHz and about 120 kHz. This
frequency range can be increased by using, for example,
different transducers and primary frequencies. The colli-
mated acoustic beam 18 can be a continuous acoustic signal
ormay also comprise one or more acoustic pulses (e.g.,a train
of'acoustic pulses).

The non-linear material 17 can be a liquid, a mixture of
liquids, a solid, a granular material embedded in a solid cas-
ing, embedded microspheres, acoustic meta-materials, or an
emulsion. By way of a non-limiting example of such a non-
linear material is Fluorinert FC-43. Fluorinert is selected for
its relatively low sound velocity (646 m/s) and high acoustic
nonlinearity ($~7.6). Depending on the operating conditions
in the borehole, other non-linear materials can be used as a
non-linear mixing medium with suitable low sound velocity,
high non-linear coupling, absorption length, shock wave
length, temperature and pressure operating ranges, as well as,
other requirements required by operability specifications.
Moreover, the length of the non-linear material can be very
compact and can range from between 5 cm to 2 meters for the
frequency range between approximately 15 kHz and approxi-
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mately 120 kHz depending on the type of materials being
used. The non-linear material can be disposed in a housing,
such as for example a cylindrical container. The axis of the
non-linear material-filled housing can be aligned with a bore-
hole axis, such that the difference frequency acoustic beam
that is output by the non-linear material propagates along this
axis.

The non-linear behavior may be characterized through the
analysis of the properties of P-waves resulting from the non-
linear mixing phenomenon in which two incident waves at
two different frequencies, f; and f,, mix to generate third
frequency components at the harmonics and inter-modulation
frequencies f,—f|, f,+1], 2f, and 2f,, etc. In an aspect of the
invention, the non-linear collinear mixing phenomenon is
designed to occur in the non-linear material inside the well-
bore. In general, only the resulting third wave of difference
frequency f,—f, is of interest to this application. The higher
frequencies only propagate a short distance and tend to be
absorbed in the non-linear material itself. In some embodi-
ments, the third wave or collimated beam has a frequency
between approximately 15 kHz and approximately 120 kHz.
However, a wider frequency range and higher frequencies are
also within the scope of the present invention. In one embodi-
ment, the frequency bandwidth of the third wave is deter-
mined by the two primary frequencies f; and f, where one
frequency (e.g., frequency f;) is kept fixed and the other
frequency (e.g., frequency f,) is swept in time very rapidly
(e.g., chirped). Hence, for example, by mixing a tone-burst of
a few cycles of high frequency (e.g. frequency f;) with a
frequency chirp around that frequency f; one can obtain a
broadband signal. However, it is also possible to mix a variety
of signals to create a desired time response as well as a
frequency response. For example, the compact parametric
array source can be programmed to generate Gaussian pulse
with frequency range between approximately 15 kHz and
approximately 120 kHz by mixing two high frequency Gaus-
sian pulses in the Fluorinert-filled chamber. The resultant
generated beam pulse at frequency f,—f| acts like an acoustic
particle (analogous to phonon in solid state physics) traveling
in the propagating medium. The sharp pulse feature allows
measurement with raw data without any kind of signal pro-
cessing, such as cross-correlation and this speeds up the mea-
surement significantly. The experimental measurement sys-
tem for the evaluation of this parametric array source for
imaging features around a borehole casing is described in the
next paragraph.

In one embodiment, the transducer 16 and mixing material
17 can be replaced by an end-fire array of polyvinylidene
difluoride (PVDF) film acoustic source 30 shown in FIG. 1C.
The end-fire of PVDF film acoustic source 30 comprises a
plurality of spaced apart piezo-electric (PZT) layers (e.g.,
PVDF films) 32. PVDF provides some immediate benefits
over piezoceramics. PVDF has high mechanical damping and
a complex permittivity. Transducers constructed with PVDF
can therefore have very broad bandwidth, producing a pres-
sure wave of short duration, thus offering good spatial imag-
ing resolution at lower operating (and hence minimally
attenuating) center frequencies than piezoceramics. Addi-
tionally, the acoustic impedance (Z) of PVDF (Measurement
Specialties, Norristown, Pa.) is approximately 2.7 MRayls
relative to the acoustic impedance of water which is equal to
approximately 1.48 MRayls. When using PZT layers, the
non-linear mixing material or medium 17 may be removed
and substituted with any fluid that has good transmission
properties at the desired operating frequency range (e.g.,
between approximately 1 kHz and approximately 120 kHz)
and low acoustic absorption. The PVDF films 32 can be
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mounted inside a housing 34 (e.g., a cylinder). Although the
end-fire array acoustic source 30 is described herein as using
PVDF films, as it can be appreciated, other piezo-electric
films can be used. Although, the housing 34 is depicted in
FIG. 1C as having a cylindrical shape with a circular base, the
housing 34 can have a cylindrical shape or configuration with
any base-shape (e.g., a polygonal base-shape). The acoustic
source further includes a non-linear medium filling between
the piezo-electric layers (e.g., PVDF films). In one embodi-
ment, the housing 34 is filled a medium such as a fluid having
an acoustic impedance substantially matching the acoustic
impedance ofthe PVDF film 32. In one embodiment, the fluid
can be, for example, water as the acoustic impedance of the
PVDF film 32 substantially matches the acoustic impedance
of water. In another embodiment, water can be replaced by
Fluorinert (e.g., FC-43). The impedance mismatch between
PVDF and fluorinert changes just slightly but the sound speed
in the liquid becomes significantly lower, that is 640 m/s in
FC-43 as compared to 1480 nv/s for water. However, Fluori-
nert FC-43 decomposes at elevated temperatures, over 390° F.
The use of Fluorinert allows the size of the source to be
decreased by almost one third as compared to the size when
using water because the acoustic speed in Fluorinert is lower.
In one embodiment, the end-fire array source 30 further
includes acoustic absorber material 31 disposed at a first end
of the housing 34 and a plate 33 disposed at a second end of
the housing 34 opposite the first end. On one embodiment, the
plate 33 can be made into an acoustic lens to provide manipu-
lation of the acoustic beam collimation or focusing, etc. The
PVDF films provide a very broadband source of sound from
1 kHz to 100 MHz. In addition, in one embodiment, a lateral
wall of the housing 34 can be layered with acoustic insulation
35 to prevent the acoustic waves generated by the PVDF films
from reflecting from the lateral wall.

The end-fire array based on PVDF film acoustic source 30
is capable of outputting a more powerful acoustic wave
(which can be, for example, in a form of cone or a collimated
or parallel beam) than a conventional parametric array using
a single transducer. Each of the plurality of piezoelectric
layers (e.g., PVDF films) is configured to generate an acoustic
wave. The non-linear medium and the plurality of piezo-
electric layers have a matching impedance so as to enhance a
transmission of the acoustic wave generated by each of plu-
rality of layers through the remaining plurality of layers.

In one embodiment, an electrical generator such as electri-
cal generator 12 can be provided to electrically excite at least
one piezo-electric layer in the plurality of piezo-electric lay-
ers to generate an acoustic wave pulse, as illustrated in FIG.
1D. For example, the electrical signal generator 12 can be
configured to electrically excite the plurality of piezo-electric
(e.g., PVDF) films 32 to generate a plurality of acoustic wave
pulses that are separated in time to form a train of acoustic
wave pulses. The electrical signal generator 12 can be con-
figured to generate a wide variety of signal waveforms (tone
bursts, frequency chirps, square waves, triangular waves, and
any trigonometric waveform shape etc.) in addition to a Gaus-
sian pulse, and a cascade of time delay generators. The time
delay T can be adjusted so that it is equal to the time for an
acoustic pulse to propagate from one layer to the other so that
it arrives exactly at the time when the next layer is excited.
The time delay T can be adjusted that it is substantially equal
to a separation distance d between two consecutive PVDF
films 32 divided by the velocity “c” of sound in the medium
between the consecutive PVDF films 32. Hence, if, for
example, the first film 32A is excited at time t equal to zero to
generated a first pulse, the second film 32B can be excited at
time t delayed by delay time T to generate a second pulse, and
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the third film 32C can be excited at time t delayed by delay
time 2t to generate a third pulse, etc. In this way, the first pulse
generated by the first film 32A arrives at the second film 32B
at substantially the same time the second pulse is generated at
the second layer 32B. Similarly, the first pulse and the second
pulse arrive at the third film 32C at substantially the same time
the third pulse is generated at the third layer 32C, etc. Each
PVDF film 32 can be fed from these delay generators with the
appropriate delay according to the position of the PVDF film
32 within the housing 34. Each PVDF film 32 can also be
excited by a delayed electrical signal whose amplitude can
also be properly adjusted and shaped. The purpose of this
approach is to have acoustic pulses from all previous layers or
films to arrive at the last layer when the last layer is excited so
that all the waves add up and produce a strong pulse. If there
are N layers then the signal emanating from the last layer will
be approximately N times the power generated by each layer
after subtracting off the loss of the signal in the layer and in
the medium. Although it is simpler to have all layers posi-
tioned at equal intervals in space but that is not necessary.
Indeed, the various layers can be positioned at any position
and the interval between the layers can be different. The time
delay can be appropriately selected to take into account the
separation between the various layers. A linear phased array
approach with fixed frequencies can also be implemented by
properly varying the delay between the PVDF films 32.

In one embodiment, each PVDF film was excited by a 500
kHz tone burst. Frequencies from 50 kHz to 1 MHz may also
be used if desired. There is no higher cut off frequency till
almost 100 MHz and is only somewhat limited mainly by the
absorption of sound in the liquid that these films are immersed
in. Experimental data is plotted in FIGS. 1E and 1F. FIG. 1E
shows the signal from all 4 PVDF transmitters when no
electronic delay is used. In this case, each signal arrived at the
receiver based on its distance from the receiver. FIG. 1F on
the other hand shows when appropriate time delay was used,
all the signal arrived at the last transmitter at the same time. In
this case, the detected signal by the receiver now shows the
large superimposed signal.

The efficiency of the end-fire acoustic source can be
increased by using PVDF films that are slightly curved
instead of being stretched flat. In one embodiment, each
PVDF film can be provided with plastic cross made of thin
plastic wire (or a metal wire) attached to it so as to make the
surface of film slightly curved in a symmetrical manner. Each
of the PVDF films has a thin layer of electrode on opposite
sides where electrical connections are made for the excitation
ofthe film. The array of films 32 is built into a wire frame and
then inserted into the cylinder. The cables are brought out
through an exit hole on the absorber side of the cylinder.

For example, in operation, a first PVDF film 32A may be
configured to generate a first acoustic pulse, a second PVDF
film 32B may be configured to generate a second acoustic
pulse delayed relative to the first pulse, a third PVDF film 32C
may be configured to generate a third acoustic pulse delayed
relative to the second acoustic pulse, etc. The third PVDF film
32C can be configured to be transparent to the first and second
acoustic pulses. The second PVDF film 32B can be config-
ured to be transparent to the first acoustic pulse. The first,
second and the third acoustic pulse are summed and, as a
result, the PVDF film acoustic source 30 can output a signal
comprising the first, the second and the third acoustic pulses.
This provides not only the ability to control the power of the
output acoustic beam but also the energy of the individual
pulses and the delay between the various pulses. In this
example, the PVDF film acoustic source 30 is described as
having three PVDF films. However, any number of PVDF
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films can be used. In one embodiment, the housing 34 is
surrounded by an acoustic absorbing materials (not shown) to
prevent an acoustic energy scattering to the side of the hous-
ing 34.

In another embodiment, the sound waves generated by
each of the PVDF films 32 arrive at the front disc 33 at the
same time and add up in power. Each PVDF film is excited by
an electrical pulse (Gaussian shaped) that has a signal band-
width between about 15 kHz and about 120 kHz. However,
the PVDF can be excited to generate acoustic waves at any
frequency range within the operating frequency of the films.
In this way, all the sound pulses generated by each element or
PVDF film 32 arrives at the front element 33 at the same time
and sum up to produce a powerful signal that is close to N
times the power output of each element after subtracting the
small transmission loss in the liquid and the film. The loss in
the liquid is minimal at these frequencies.

In one embodiment, the collimated acoustic beam 18 can
be steered in a particular direction by an acoustic beam guide
20. In one embodiment, the acoustic source (transducers 16
and non-linear material 17 or acoustic source 30) and acoustic
beam guide or steering device 20 are disposed within a hous-
ing 22. The acoustic beam guide 20 can be an acoustic reflec-
tor or an acoustic lens, or a combination of both. The acoustic
reflector can be a material with different acoustic impedance
from the surrounding medium in which the beam propagates.
One non-limiting example of such an acoustic reflector is
metal plate. In one embodiment, the acoustic lens may be
configured to focus the collimated acoustic beam at a particu-
lar focal point and direction and can have a concave shape. A
Fresnel-type mirror arrangement can also be used for the
acoustic beam guide. The acoustic beam guide 20 can be
rotated or tilted into a particular orientation by using one or
more actuators (not shown) coupled to the acoustic beam
guide 20. Alternatively, in some embodiments, the acoustic
beam guide 20 may not be used, and the collimated beam 18
would propagate along the axis of the housing 22. For
example, the housing 22 can be made of plastic or other
suitable material. In one embodiment, the housing 22 can be
in the form of a cylinder or pipe section with a circular base,
as shown in FIGS. 1A and 1B. However, the housing 22 may
have other configurations such as a cylinder with a polygonal
base (e.g., square, rectangular, hexagonal, pentagonal, etc.).
In one embodiment, the housing 22 may be filled with a liquid
(e.g., water).

FIG. 14A depicts the acoustic measurement system dis-
posed within a borehole, according to embodiment of the
present invention. The collimated beam 18 can be steered to a
particular direction toward an object or target of interest such
as a cement sheath or rock layers behind casing 19A within a
borehole 11 or object 19B (e.g., crack, fracture, void, etc.)
within the rock formation 13 near the borehole 11, as shown
in FIG. 14A. Inhomogeneities of formations, materials or
structures, such as object 19A, for example, will generate
refraction or surface wave propagation 21A which is scat-
tered as acoustic wave 21B and detected by receiver 24.
Similarly, inhomogeneities within the rock formation 13 such
as crack or fracture 19B creates a reflection or scattering of
the acoustic beam 18 and the reflected acoustic wave 21C can
then be detected by receiver 24. Acoustic beam 18 can gen-
erate elastic waves, e.g. refractions and surface propagation
waves, traveling along the boundaries with the rock formation
13 and boundaries between the borehole and rock formation
13. The reflected, scattered waves or surface waves and other
types of waves are received by receiver 24.

FIG. 14B depicts the acoustic measurement system dis-
posed within a borehole, according to another embodiment of
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the present invention. In this embodiment, the acoustic beam
18 output by the acoustic source 16, 30 can be directed using
steering device 20 downwardly generally in the direction of
axis 15 of borehole 11. In this case, the acoustic beam or
acoustic wave 18 can be used to investigate rock formation 13
that has not been drilled and thus investigate ahead of the drill
bit. This can be performed, for example, during drilling
operations. When the acoustic beam 18 is directed generally
downwardly towards the rock formation 13, object(s) 19C
(e.g., rock layers within the rock formation) reflect some of
the acoustic beam energy 18 as acoustic wave 21D which can
then be detected by receiver 24. The location or distance of the
object 19C from the acoustic source 16, 30 can then be deter-
mined based on the received acoustic wave 21D.

Similarly, amount of tilt of the layers 19C can also be
determined based on the inclination of the acoustic beam 18
(e.g., relative to borehole axis 15) and received acoustic wave
21D. FIG. 14C shows a situation where the layers 19C are
tilted relative to the borehole 11 or borehole axis 15. In this
case, the beam steering device 20 (e.g., a tiltable acoustic
mirror or prism, etc.) which is disposed in front of the source
30 can be used to direct the acoustic beam 18 in any direction
including a direction towards the layers 19C. If the steering
device 20 is positioned vertically, then it allows the sound
beam from the source to pass through without any significant
amount of blockage. If the layers 19C are tilted at an angle
then the acoustic beam 18 will not be reflected by the layers
19C and as a result no reflected acoustic signal is detected by
the receiver 24. If, on the other hand, the steering device 20 is
rotated or tilted such that the orientation of the acoustic beam
18 is substantially perpendicular or normal to layers 19C, an
acoustic signal 21D can then be reflected from the tilted layers
21D and can be detected by the receiver 24. The steering
device can be oriented azimuthally in addition to inclination
or elevation to provide a complete picture of what lies ahead
of the drilling bit.

As shown in FIG. 1B, the receiver 24 can also be provided
within housing 22. However, the receiver 24 can also be
provided separate from the housing 22 to allow independent
movement of the receiver 24 and source 16. The receiver 24
can be configured so as to receive the reflected, scattered,
diffracted, etc. wave 21. In one embodiment, an acoustic
absorber 23 can be disposed between the acoustic beam guide
20 and the receiver 24, for example to prevent acoustic waves
that may have not been reflected or otherwise directed by
beam guide 20 from reaching the receiver 24. In one embodi-
ment, by placing the receiver 24 within the same housing 22,
the receiver 24 is able to receive the reflected or scattered
wave 21 while the housing 22 is moved, i.e., the source 16 and
the receiver 24, and the housing 22, etc. are moved as a whole
as a single device 9 along the borehole 11 (as shown in FIG.
14). However, in another embodiment, the acoustic source
(e.g. the acoustic source 16 with mixing material 17 or the
acoustic source 30) and the receiver 24 can be independently
moved along the borehole 13. The reflected acoustic waves 21
are detected by receiver 24 and are converted into an electrical
signal which can be transmitted to processing electronics 26
for analysis. The processing electronics 26 can include a
computer with appropriate software for characterizing the
rock formation or material or structure surrounding the bore-
hole, including producing 2D or 3D images of the formation
or the material around the borehole 11.

In some embodiments, the entire device 9 including the
transducers 16 (or the end-fire acoustic source 30), the non-
linear material 17, the steering device 20, and receiver 24 can
be moved up and down the length of the borehole 11 to image
a particular formation near the borehole or investigate the
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structure of the borehole casing. However, in other embodi-
ments, the acoustic source (e.g., the acoustic source 16 with
mixing material 17 or the acoustic source 30) and the steering
device 20 can also be moved independently from the receiver
24 (for example while the receiver is fixed). Moreover, the
entire device 9 with or without the receiver 24 can be rotated
around the axis 15 of the borehole 11 to image rock forma-
tions, structures, materials, etc. in any azimuthal direction
around the borehole 11.

FIG. 2A is a schematic representation of the receiver 24,
according to an embodiment of the present invention. The
receiver 24 comprises a plurality of receiver elements 40. The
receiver elements 40 can be an array of PVDF films. In one
embodiment, the array can be produced from a single PVDF
sheet with properly depositing electrodes on both sides of the
film (or etching out a previously metallized electrode over the
entire surface) and leaving a gap between neighboring ele-
ments. Each of these electrodes then behaves as a piezoelec-
tric receiver element. A typical array element size can be
approximately 1 cmx1 cm but it can be almost any size
depending on the needed resolution of the experiment. In one
embodiment, electrical lines can be laid down on the film or
the PVDF sheet for electrical connections. The entire sheet
with electrodes can then be covered with a very thin sheet of
material (e.g., Mylar) for protection and electrical shorts.
Therefore, a linear array can be wrapped around, as shown in
FIG. 2B, as a circular configuration made around an acousti-
cally absorbing material (e.g., foam) to create a circular array
that covers 360 degrees. The receiver elements 40 are
mounted on surface 428 of an acoustic absorbing material
(e.g., acoustic absorbing foam, sponge or various types of
silicon rubber) 42. FIG. 2C depicts a schematic representa-
tion of the receiver 24, according to another embodiment of
the present invention. In this embodiment, a large sheet of
PVDF film can be used to create an array of 2-dimensional
arrangement (i.e., a matrix arrangement) of transducer
receiver elements 40. The array of transducers 40 can then be
wrapped around a cylindrical configuration to create an array
that can provide complete 360 degree coverage around the
axis of the cylindrical configuration, in addition to vertical
coverage along the axis of the cylindrical configuration. In
this way, the receiver array does not need to be physically
rotated azimuthally in the borehole. In this case, a different
vertical series or rows of PVDF layers or a one-dimensional
array of PVDF films within the two-dimensional array of
PVDF film can be electronically selected to detect acoustic
signals. Typically, in operation, all PVDF elements can be
scanned first at a given location to determine the direction
from which any signal is coming and then the appropriate
vertical arrays can be used to track this signal. Signal multi-
plexor electronics can be used to carry out this kind of elec-
tronic scanning and the detected signal can be subsequently
amplified and digitized. As shown in FIGS. 2B and 2C, the
acoustic absorbing material 42 has a cylindrical configuration
with a circular base. However, as it can be appreciated, the
absorbing material 42 can have any desired configuration
such as a cylindrical configuration with a polygonal base or
elliptical base, or other shape. By mounting the receiver ele-
ments 40 on the surface 428 of the absorbing material 42, the
receiver elements 40 receive acoustic signals from the front
side of the receiver elements 40 and not from the back side of
the receiver elements 40.

FIG. 3 is schematic diagram of a laboratory measurement
system or experimental set up to test the measurement system
when deployed in a borehole environment, according to an
embodiment of the present invention. In the experimental set
up, the housing 22 including the acoustic source (e.g., the
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acoustic source 16 with mixing material 17 or the acoustic
source 30), the beam steering device 20 and the receiver 24
are positioned within an axial borehole 11A in a barrel (e.g.,
a cement barrel) 29 that simulates the borehole 11 with a
cement casing. The acoustic measurement system 9 includes
acoustic source (e.g., the acoustic source 16 with mixing
material 17 or the acoustic source 30), mirror system 20 and
receiver 24. In one embodiment, acoustic source (e.g., the
acoustic source 16 with mixing material 17 or the acoustic
source 30), non-linear medium 17, mirror system 20 and
receiver 24 are disposed inside housing 22. In one embodi-
ment, the receiver 24 is configured such that it only receives
acoustic signals from the front. The receiver 24 is shielded
from other signals such as back signals (i.e., signals that are
incident on the back of the receiver 24 are absorbed by
absorber 42). In one embodiment, the receiver 24 is config-
ured to move with acoustic source (the acoustic source 16
with mixing material 17 or the acoustic source 30). In another
embodiment, the receiver 24 can be moved independently of
the acoustic source (the acoustic source 16 with mixing mate-
rial 17 or the acoustic source 30). In order to test the efficacy
of this measurement system, a groove 25 is provided at an
outer periphery or outer surface of the barrel 29 (e.g., concrete
or cement barrel), as will be explained further in detail in the
following paragraphs.

In one embodiment, the acoustic source (the acoustic
source 16 with mixing material 17 or the acoustic source 30)
and the receiver 24 are configured such that the beam direc-
tion from the acoustic source (the acoustic source 16 with
mixing material 17 or the acoustic source 30), i.e., acoustic
beam 18, and the received signal 21 lie on the same plane. In
one embodiment, both the acoustic source (the acoustic
source 16 with mixing material 17 or the acoustic source 30)
and receiver 24 are rotated azimuthally from 0 to 360 degree.
However, in another embodiment, only the mirror 20 is
rotated while the source (the acoustic source 16 with mixing
material 17 or the acoustic source 30) and the receiver 24 are
fixed. Indeed, by providing receiver 24 with a cylindrical
configuration where receiver elements 40 are disposed on the
surface ofthe cylindrical configuration, the receiver 24 is able
to detect an acoustic signal at angle from 0to 360 deg. without
having to move or rotate the receiver 24. Similarly, the acous-
tic source (the acoustic source 16 with mixing material 17 or
the acoustic source 30) need not be reoriented to be able to
scan a desired field azimuthal angle. The azimuthal field
angle can be scanned by simply rotating the steering device
(e.g., mirror 20). The acoustic beam emitted by the acoustic
source (the acoustic source 16 with mixing material 17 or the
acoustic source 30) is reflected by the beam steering device
(e.g., mirror) 20 and directed as acoustic beam 18 towards
inner wall of cement barrel 29. The acoustic beam 18 interacts
with the material of the barrel 29, the material outside barrel
29, the interface between the housing 22 and the barrel 29,
etc., and generates reflections, refractions or surface waves,
orany combinations of thereof. In a first scenario, the acoustic
beam, after being reflected by the mirror 20, may undergo a
reflection by the material of the barrel (e.g., cement barrel) 29
or the rock formation, or both. The reflected acoustic signal
may then be detected by receiver 24. This scenario is gener-
ally referred to as a reflective mode. In a second scenario, the
acoustic signal, after being reflected by the mirror 20, may be
refracted by the material of the barrel (e.g., cement barrel) 29
at the interface between the cement barrel 29 and the rock
formation. The refracted acoustic signal may then be detected
by receiver 24. This scenario is generally referred to as a
refractive mode. In yet a third scenario, the acoustic signal,
after being reflected by mirror 20 may generate surface waves
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at the interface between a surface of the borehole and the
cement in the barrel 29 (or rock formation in a field deploy-
ment) or at interface boundaries within the cement (or rock
formation). The surface waves will emit returning acoustic
signals that can be detected by the receiver 24. This scenario
is generally referred to as a surface wave mode.

FIG. 4A illustrates a characteristic of the beam pulse signal
emitted by the parametric acoustic source disposed within the
borehole in a laboratory experimental set up, according to an
embodiment of the present invention. The acoustic beam
signal pattern 45 on the exterior surface of the barrel 29 as a
function of time (time domain) is measured using a laser
Doppler vibrometer. The waveform of the signal 45 is shown
in FIG. 4A. FIG. 4B is a fast Fourier transform (FFT) of the
acoustic beam signal 45 to obtain the signal in the frequency
domain. The frequency bandwidth of the signal 45 can be
extracted from the FFT showing a broad frequency band-
width between about 15 kHz and about 120 kHz.

The unique characteristics of the acoustic source (the
acoustic source 16 with mixing material 17 or the acoustic
source 30) can be combined with various receiver elements or
modules 40 into a measurement system to perform azimuthal
borehole sonic measurements, three-dimensional (3D)
reflection imaging from a borehole, 3D refraction imaging,
3D fracture detection, 3D mapping of permeability, and 3D
mapping of channels between the cement barrel and rock
formation.

Because the high directivity of the beam pulse, many of the
deficiencies of the existing borehole acoustic measurement
systems cited above can be minimized. As discussed below,
the system has good azimuthal resolution as well as inclina-
tion direction control. In one embodiment, the azimuthal
angular resolution is between about 5 deg. and about 15 deg.,
forexample 10 deg. This new capability enables the extension
of borehole acoustic measurement to full 3D measurement
(the 3" dimension being the azimuthal angle).

FIG. 5 depicts data collected as a function of propagation
time, distance between receiver elements and acoustic beam
source and azimuthal angle in an experiment using the experi-
mental setup shown in FIG. 3, according to an embodiment of
the present invention. In this experiment the beam source is
directed at the rock formation at one azimuthal angle and one
inclination angle, and the linear receiver 24 with receiver
elements 40 is oriented to detect the returning signal in the
same azimuthal angles as the source beam, as shown in FIG.
6. The entire assembly of source, mirror and receiver are
rotated azimuthally in incremental steps of 10 degrees and the
returning acoustic signals data are recorded for all receiver
elements for each azimuthal increment. FIG. 5 shows five
panels labeled as panel 1 to panel 5 (P1, P2, P3, P4 and P5).
Each panel corresponds to data displayed for one azimuth
measurement (i.e., azimuthal angle). Each 10 deg. azimuthal
angle (i.e., 0 deg., 10 deg., 20 deg., etc.) corresponds to a
different panel (P1 through P5). The y-coordinate in each
panel represents the arrival time of the signal detected at the
various receiver elements 40. The x-coordinate in each panel
corresponds to the distance from vertical receiver element to
the source. The gray scale of the display corresponds to the
amplitude of the received acoustic signal. Within each panel
are shown a plurality of data points 58. Each of these points 58
corresponds to a signal detected by one of the plurality of the
receiver elements 40 of receiver 24. In this example, receiver
24 is provided with 12 receiver elements 40. Therefore, 12
data points are detected by the receiver 24, each point corre-
sponding to a signal detected by one of the 12 receiver ele-
ments 40. Each of the 12 data points has a different arrival
time corresponding to the arrival of the signal to each of the 12
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receiver elements 40. As shown in FIG. 5, the first linear
signal arrival 50 corresponds to P-wave compression refrac-
tion wave commonly measured in sonic log. The second and
third linear signal arrivals 52 and 54 correspond to surface
waves such as Rayleigh, Stoneley or Lamb waves. Signal
arrivals due to reflection from cement/air interface at barrel
perimeter are shown at 56.

FIG. 7 depicts reflection data obtained in an experiment
similar to the data shown in FIG. 5A but after performing
signal processing to filter out the linear arrivals. There are 36
panels P1-P36 and each panel corresponds to an azimuthal
angle and the 36 panels range from 0 to 180 degrees. For
example, panel P1 corresponds to azimuthal angle of 0 deg.
The y-coordinate represents the arrival time at the receiver 24.
The y-coordinate in each panel represents the arrival time of
the signal detected at the various receiver elements 40. The
x-coordinate in each panel corresponds to the vertical dis-
tance from receiver element to the source. The gray scale of
the display corresponds to the amplitude of the received
acoustic signal. Within each panel, i.e., within each azimuthal
angle range, hyperbola-like curves 59 can be seen. Each curve
59 corresponds to data of a signal detected by one single
receiver element 40 in the receiver 24. The series of wave
patterns 60 and 62 correspond to a reflection from a perimeter
or outer periphery of the cement barrel 29 while the wave
pattern 64 corresponds to a reflection from a surface of the
groove 25 (at an interface of the cement and air). As it can be
noted, the waves reflected from the surface of the groove 25
arrive to the receiver 24 earlier than waves reflected from the
cylindrical surface of the barrel 29. Furthermore, the position
of the groove 25 can be ascertained by using the azimuthal
measurement method and system described herein. The
present method achieves excellent azimuthal resolution
which allows detecting defects within a structure such within
a casing within a borehole or at an interface of the borehole
and the rock formation, etc. For example, as it can be noted in
FIG. 7, the groove 25 can be located at specific azimuthal
angles or within an azimuthal angular range allowing a deter-
mination of a position or location of a structure, such as a
structural defect, a fracture, or the like.

FIG. 8 depicts a different data display of the same experi-
ment with a different sorting. There are 12 panels (from P1 to
P12) in FIG. 8. Each panel (P1, P2, . . ., P12) corresponds to
data of signals detected by one of the 12 receiver elements 40
in receiver 24. Within each panel (e.g., panel P1) the x-coor-
dinate represents the azimuthal angle (in the range from 0 deg,
to 360 deg.). The y-coordinate represents arrival time at each
of the 12 receiver elements 40 of receiver 24. The gray scale
of the display corresponds to the amplitude of the received
acoustic signal. As can be seen in FIG. 8, the reflection from
the groove 25 is detected by some detector elements 40 (for
example, at panels P1 through P4) and not by other detector
elements (for example, at panels P9 through P 12). In addi-
tion, it can be noted that, for panel P1 for example, the groove
25 is clearly seen in the middle of the panel which correspond
to an azimuthal angle around 90 deg. The reason for detecting
the groove 25 with specific receiver elements 40 (panels P1
through P4) and not by other receiver elements 40 (panels P9
through P12) is due to the fact that the acoustic beam 18 has
a specific angular elevation spread and thus is reflected selec-
tively to specific detector elements 40. Hence, detector ele-
ments 40 (corresponding to panels P9 through P12)) that are
outside of the scattered, reflected, diffracted acoustic wave
beam from the groove 25 are not able to detect the reflected,
diffracted, scattered beam from groove 25. However, as it can
be appreciated, if the receiver 24 is moved vertically, other
receiver elements 40 within the receiver 24 can then detect the
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signal reflected, diffracted or scattered by the groove 25. In
this case, the groove may then be seen in panels P6 through
P10 if the inclination of the groove changes, for example.
Hence, the present measurement system is not only capable to
resolve a position of a structure in azimuthal angle but also in
elevation angle as well.

Furthermore, the elevation information can be utilized to
determine an orientation of the structure (e.g., groove 25). For
example, in the laboratory experiment described in the above
paragraphs, the groove 25 is parallel to the axis of the bore-
hole in the cement barrel 29. However, the grove 25 can also
be positioned oblique, i.e., at an angle relative to the borehole
axis, in which case, the angular elevation information which
depends on the orientation of the groove 25 can be different.
Indeed, depending on the angular orientation of the structure
(e.g. groove 25) relative to the borehole axis, the reflected,
diffracted beam by the groove 25 can be directed preferen-
tially to specific receiver elements 40. As a result, the groove
25 can be seen in the plotted data or image at different panels
(e.g., at panels P7 and P8). By determining in which panels
the groove 25 is detected, it is possible to infer the angular
inclination of the groove 25.

FIG. 9 depicts another experiment in which the orientation
of the receiver 24 is fixed (i.e., the receiver is not rotated) and
the mirror is rotated azimuthally between 0 and 360 degrees
at an increment of 20 degrees. 19 panels are displayed with
each panel corresponds to signal data recorded with one the
azimuthal angle from 0 deg. to 360 deg. azimuthal angle at 20
degree increment. The y-coordinate represents arrival time at
the receiver elements 40 of receiver 24. The x-coordinate in
each panel corresponds to the vertical distance between the
receiver element and the source. The gray scale of the display
corresponds to the amplitude of the received acoustic signal.
The data clearly shows excellent azimuth resolution with the
maximum energy of the linear arrivals occurring when the
beam orientation and receiver reception orientation are
aligned. This shows that the propagation path that is rather
narrow in extent and does not spread too much azimuthally.

FIGS. 10A and 10B depict an experimental acoustic setup,
according to another embodiment of the present invention.
FIG. 10A is a longitudinal schematic view of the experimen-
tal setup and FIG. 10B is atop view of the experimental setup.
The experimental setup includes is similar in many aspects to
the experimental set up shown schematically in FIG. 3. The
cement barrel 22 is lined with a steel axially arranged inner
casing 100. A pipe or tube 102 is embedded within the cement
barrel 22. A groove 25 is also cut or carved on an exterior
surface of the cement barrel 22. A detachment foil 104 (e.g.,
Aluminum foil) is also provided within the housing 22. In this
embodiment, the detachment foil 104 is disposed in contact
with inner casing 100. Within the casing 100 of the cement
barrel 22 are disposed the acoustic source 16, 30, the non-
linear material 17, the mirror 20 and the receiver 24. As shown
in FIG. 10B, axes are drawn to indicate azimuthal angular
orientation (the orientation of the two axes is arbitrary). The
groove 25 is located at azimuthal angle between about 230
deg. and about 280 deg. The pipe or tube 102 is located at an
azimuthal angle between about 80 deg. and about 100 deg.
The detachment foil (e.g., aluminum foil) is located at an
azimuthal angle between about 140 deg. and about 190 deg.

FIGS. 11A-11C show plots of the measured data for vari-
ous azimuthal orientations or angles, respectively, at about
320 deg., at about 90 deg. and at about 165 deg., according to
an embodiment of the present invention. The azimuthal ori-
entation or angle of about 320 deg. (FIG. 11A) corresponds to
the orientation of the acoustic beam in a region where there is
no inclusion behind the inner casing 100, i.e., there is only the
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cement barrel wall. The azimuthal orientation or angle of
about 90 deg. (FIG. 11B) corresponds to the orientation of the
acoustic beam in a region where the tube (e.g., plastic pipe)
102 is included. The azimuthal orientation or angle of about
165 deg. (FIG. 11C) corresponds to the orientation of the
acoustic beam in a region where the detachment foil (e.g.,
aluminum foil) 104 is provided. In this plot, the y-coordinate
corresponds to the time it takes for the acoustic wave to be
received by receiver 24, the x-coordinate in each panel cor-
responds to the vertical distance of receiver element from the
source. The various curves in each plot correspond to the
acoustic signals received by the various receiver elements 40
in receiver 24. In this example, there is provided 12 receiver
elements 40 in receiver 24. However, any number of receiver
elements can be used. The curve closest to the x-coordinate
corresponds to the signal detected by the first receiver ele-
ment and the curve farthest to the x-coordinate corresponds to
the signal detected by the 12 receiver element. The first
receiver element is the receiver element that is closest to the
acoustic source 16, 30 and the 127 receiver element is the
receiver element that is farthest from the acoustic source 16,
30.

As shown in FIG. 11A, with no inclusion behind the inner
casing 100, the surface waves decay with distance along the
borehole, i.e. decay from the first receiver element to the 12
receiver element. As shown in FIG. 11C, with the delamina-
tion or detachment foil 104 behind the casing 100, the surface
wave amplitude is larger and decays more slowly as expected
because the steel pipe is not dampened by the contact with the
cement (i.e., the aluminum foils carries the acoustic waves
farther along the borehole). As shown in FIG. 11B, at azimuth
angles corresponding to the pipe 102, the surface wave ampli-
tude is larger and also decays more slowly. In addition to the
surface wave, a fast linear arrival just behind the P-wave first
arrival is recorded indicating additional wave mode traveling
along the wall of the pipe 102. This measurement data clearly
show that azimuthal information of rock formation behind the
steel casing can be gleaned from linear arrivals using a bore-
hole acoustic measurement system.

In addition to the ability of changing the azimuthal orien-
tation of the acoustic source beam by changing the azimuthal
angular direction of the mirror 20, the inclination of mirror 20
can also be changed to send the acoustic source beam along
any vertical direction. This allows the acoustic source beam to
be injected at different inclinations and azimuthal directions
to probe for reflection boundaries, refraction boundaries and
fractures of different orientations in the rock formation. The
data can be subsequently analyzed using various conven-
tional methods. Analysis of refraction arrivals along with
azimuthal resolution can provide for 3D imaging of velocity
by refraction analysis. This can provide better characteriza-
tion of near borehole alteration and characterization of the
skin of reservoirs.

In one embodiment, the measurement data are collected
using broadband beam pulse. In this way, information with
broad frequency bandwidth can be collected relatively
quickly. Indeed, in this case, there is no need to sweep the
frequency by chirping. Furthermore, in one embodiment, the
use of multiple acoustic sources to cover the entire the band-
width, for example, between about 15 kHz and about 120
kHz, may not be needed. The acoustic beam pulse with broad
bandwidth, for example between about 15 kHz and about 120
kHz, can provide measurements that can yield information on
cement bonding between the cement and the rock formation
in a borehole.

The present measurement system can be used for evaluat-
ing a cement casing or steel casing ina borehole. A simulation
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of guided wave propagation through the steel casing when a
sound beam pulse interacts with the steel casing is performed
under certain geometrical conditions. In this simulation, a 25
mm thick layer of cement is used between the steel casing and
Berea sandstone. The Berea is considered infinite in extent. It
is also assumed that the borehole is filled with water and there
is energy sink along the axis of the borehole. The simulations
were carried out using the DISPERSE software package from
the Imperial College, UK.

FIG. 12A-12C show plots of the acoustic simulation in the
frequency range of 20-120 kHz for various conditions. The
data in these plots are captured in the instance where the
borehole is filled with water. Each data set is generated under
different condition but in each case the receiver is at a distance
of'12 inches from the excitation point on the steel casing in the
axial direction. These data are showing the propagation char-
acteristics of a sound pulse (frequency chirp) of 100 micro-
second duration with a frequency span of 20-120 kHz and
with a Gaussian envelope. The graphs on the left side show
the amplitude of the received acoustic signal as a function of
time and the graphs of the right side show the fast Fourier
transform of the acoustic signal to the frequency domain
where the amplitude is plotted as a function of the frequency.
FIG. 12A is a plot of the data captured with water-steel-
concrete-air, where there is an air gap between the concrete
and the Berea sandstone. FIG. 12B is a plot of the data with
water-steel-concrete-water-Berea, where there a water gap
(e.g., a 1 mm gap) between the concrete and Berea. FIG. 12C
is a plot of the data captured with water-steel-concrete-Berea,
where everything is the interfaces between the water, steel,
concrete and Berea are in physical contact.

The plots depicted in FIGS. 12A-12C show significant
differences among them in terms of the characteristics of the
signal. When the concrete is in good contact with the Berea
sandstone, the energy of the waves through the steel dissi-
pates into the Berea and the observed amplitude is rather low
(as shown in FIG. 12C). When there is a detachment or gap
between concrete and Berea, the signal level is higher (as
shown in FIGS. 12A and 12B).

The second set of plots on the right which represent the
amplitude of the signal vs. the frequency shows the frequency
content of the received signal. Higher frequencies are damped
out when the concrete and the Berea are in good contact (as
shown in FIG. 12C). In addition, as can be noted in FIG. 12B,
the presence of water between the concrete and Berea con-
fines the energy to earlier times and the frequency content is
also narrowed. As shown in FIG. 12A, when the concrete is in
good contact with Berea, the signal spreads out in time with
the main arrival delayed significantly. The differences
between the various scenarios can be readily seen in these
plots. The simulated data shows that the described measure-
ment method or system can be used effectively for cement
evaluation around a borehole casing.

FIGS. 12A-12C above shows the frequency content of the
propagated signal under various conditions of borehole cas-
ing integrity in reference to the concrete and the Berea rock
formation behind it. Therefore, one cannot see in these figures
which frequencies are propagating at what strength at differ-
ent times. Another way to view the information presented in
FIGS.12A-12C can be based on a joint time-frequency analy-
sis of the data using a short-time Fourier transform (STFT)
approach. This provides the frequency content of the signal as
a function of time and thus allows one to see the frequencies
that are prominent at certain times during the propagation.
Hence, the STFT analysis of the data enhances the informa-
tion provided by FIGS. 12A-12C and introduces a powerful
analysis approach.
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FIGS. 13A-13C show the original simulated frequency
chirp propagation data along with the time-frequency analy-
sis of the same data. The plots on the right represent the 3D
time-frequency information for each of the situations dis-
cussed above with reference to FIGS. 12A-12C, respectively.
The x-axis corresponds to the time, the y-axis corresponds to
the frequency, and the z-axis or vertical axis corresponds to
the amplitude. In FIG. 13A, as shown in the 3D plot, where
the concrete is detached from the rest of the system and does
not see the rock formation, the energy in the waves propagate
through at three different velocities and this gives rise to the
three peaks at 0.1 second time interval. It also noted that the
wave also arrives relatively quickly, after 0.1 second. In FIG.
13B, as shown in the 3D plot, the situation is that there is a 1
mm gap filled with water between the cement and the rock
formation. The propagation characteristics of the acoustic
wave are completely different from the propagation charac-
teristics of the acoustic wave shown in FIG. 13 A. Indeed, all
the energy seems to be bunched together and propagates
relatively quickly through the casing and the cement and the
propagation is not influenced by the rock formation as if the
two parts are isolated. FIG. 13C depicts the situation where all
the layers are tightly coupled (steel casing, cement and the
rock formation). As shown in the 3D plot in FIG. 13C, the
presence of the rock formation has a strong loading influence
on the wave propagation and the wave propagation is delayed
significantly and the main energy peak arrives with a delay of
almost 0.5 second. These three examples show how the vari-
ous detachments or coupling between the layers can be
detected by this type of analysis and measurements.

In addition, by providing azimuthal resolution in borehole
acoustic measurements, rock characterization can be
improved and thus improve production engineering systems.
Furthermore, by proving azimuthal resolution in borehole
acoustic measurement, the integrity of the borehole can be
evaluated and thus improve the overall drilling safety. In
addition, azimuthal resolution in borehole measurements can
allow measure a stress surrounding the borehole and as a
result improve borehole completion methodology.

Furthermore, the borehole acoustic measurement system
and method described can also be used for imaging the rock
formation, indeed, the present measurement system and
method can fill a measurement gap between conventional
sonic tools that investigate less than a foot (approximately 33
cm) from the borehole with relatively a good vertical resolu-
tion and conventional long range sonic image tools such as
borehole acoustic reflection survey (BARS), from Schlum-
berger corporation, which investigate rock formation at tens
of feet from the borehole but with lower vertical resolution
and limited azimuthal resolution. For example the present
acoustic measurement method and system may be utilized in
various applications including:

1. 3D imaging of reservoir layers, stratigraphy, fractures,
faults, vugs (up to few feet such as 10 feet from the borehole)
with full azimuth resolution.

2. Measurement of compressional velocity Vp and shear
velocity Vs of the rock formation with full azimuth determi-
nation.

3. 3D analysis of geo-mechanical properties around bore-
holes from analysis of refraction waves and Lamb waves to
improve characterization of the invasion zone and any bore-
hole damage.

4.3D imaging of velocity of rock formation near the bore-
hole using refraction analysis.

5.3D mapping of fractures from reflections of linear arriv-
als
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6. 3D mapping of permeability and production skin of
reservoirs.

7. Focusing the acoustic beam with a phase-code Gaussian
pulses in the lower frequency range, e.g., between about 10
kHz and about 30 kHz for deeper penetration into the rock
formation while discriminating against background noise.

For example, in one embodiment, measurement of the
compressional and/or shear velocity of the rock formation in
the vicinity of the borehole at a plurality of azimuthal angles
using the above described measurement system can provide
valuable information on the stress around the borehole hence
allowing determining or predicting potential fracture position
and/or fracture propagation with the rock formation in the
vicinity of the borehole. It is known that formations having
relatively larger velocity variations are either relatively less
consolidated, or the stress in the formation is large. In both
situations, this may provide an indication as to the likelihood
of borehole collapsing. The acoustic measurement system
described in the above paragraphs can provide information on
the velocities as a function of azimuthal angle and/or eleva-
tion angle within the rock formation around the borehole.
Using the velocity as a function of azimuthal angle and or
elevation angle can in turn provide the azimuthal and/or incli-
nation angle of various stress areas and/or fractures, faults,
etc., and thus can ultimately provide information on the
anisotropy of the earth stress field around the borehole. In
addition, the position of a fracture or fault can be mapped in
3 dimensions (3D mapping) using the data acquired as a
function of azimuthal and elevation angle.

The above described measurement system and method can
also be used in mapping fluid permeability of subsurface
formations such as sub-surfaces penetrated by a borehole
including permeability due to fractures in the rock formation.
For example, this can be performed by measuring velocities
(compression velocity or shear velocity or surface waves or
any combination of the velocities cited) at various points
within the rock formation around the borehole. Based on the
measured velocity, the permeability can be extracted using
various known models.

In one embodiment, the method or methods described
above can be implemented as a series of instructions which
can be executed by a computer. As it can be appreciated, the
term “computer” is used herein to encompass any type of
computing system or device including a personal computer
(e.g., a desktop computer, a laptop computer, or any other
handheld computing device), or a mainframe computer (e.g.,
an IBM mainframe), or a supercomputer (e.g., a CRAY com-
puter), or a plurality of networked computers in a distributed
computing environment.

For example, the method(s) may be implemented as a
software program application which can be stored in a com-
puter readable medium such as hard disks, CDROMs, optical
disks, DVDs, magnetic optical disks, RAMs, EPROMs,
EEPROMs, magnetic or optical cards, flash cards (e.g.,aUSB
flash card), PCMCIA memory cards, smart cards, or other
media.

Alternatively, a portion or the whole software program
product can be downloaded from a remote computer or server
via a network such as the internet, an ATM network, a wide
area network (WAN) or a local area network.

Alternatively, instead or in addition to implementing the
method as computer program product(s) (e.g., as software
products) embodied in a computer, the method can be imple-
mented as hardware in which for example an application
specific integrated circuit (ASIC) can be designed to imple-
ment the method.
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FIG. 15 is a schematic diagram representing a computer
system 130 for implementing the methods, according to an
embodiment of the present invention. As shown in FIG. 15,
computer system 130 comprises a processor (e.g., one or
more processors) 132 and a memory 134 in communication
with the processor 132. The computer system 130 may further
include an input device 136 for inputting data (such as key-
board, a mouse or the like) and an output device 138 such as
a display device for displaying results of the computation.
The computer system 130 may be configured to control vari-
ous modules including a control module 140 to control the
signal generator 12, a control module 142 to control the
steering of the mirror 20, and acquisition electronics 26 for
acquiring the measurement data. The measurement data can
be stored in a storage device (e.g., a flash drive) for latter
visualization or processing, etc.

In one embodiment, there is provided a system for inves-
tigating structure near a borehole. The system includes an
acoustic source configured to generate an acoustic wave and
to direct the acoustic wave at one or more azimuthal angles
towards a desired location in a vicinity of a borehole. The
system further includes one or more receivers configured to
receive an acoustic signal, the acoustic signal originating
from a reflection or a refraction of the acoustic wave by a
material at the desired location. The system also includes a
processor configured to perform data processing on the
received signal to analyze the received acoustic signal to
characterize features of the material around the borehole.

Although the invention has been described in detail for the
purpose of illustration based on what is currently considered
to be the most practical and preferred embodiments, it is to be
understood that such detail is solely for that purpose and that
the invention is not limited to the disclosed embodiments, but,
on the contrary, is intended to cover modifications and
equivalent arrangements that are within the spirit and scope of
the appended claims. For example, it is to be understood that
the present invention contemplates that, to the extent pos-
sible, one or more features of any embodiment can be com-
bined with one or more features of any other embodiment.

Furthermore, since numerous modifications and changes
will readily occur to those of skill in the art, it is not desired to
limit the invention to the exact construction and operation
described herein. Accordingly, all suitable modifications and
equivalents should be considered as falling within the spirit
and scope of the invention.

What is claimed is:

1. A method for investigating cement bonding or rock
formation structure near a borehole, comprising:

generating a collimated acoustic beam by an acoustic beam

source, the collimated acoustic beam having a frequency
in the frequency range between approximately 15 kHz
and 120 kHz;

directing at one or more azimuthal angles and at one or

more inclination angles the collimated acoustic beam
towards a selected location in a vicinity of a borehole;
receiving, at an acoustic detector comprising a two-dimen-
sional array of receiver elements, an acoustic signal, the
acoustic signal originating from a reflection, a refrac-
tion, or a surface wave propagation, or any combination
thereof, of the collimated acoustic beam by a material at
the selected location in an azimuthal angular range, each
receiver element in the two-dimensional array of
receiver elements being configured to receive a portion
of the acoustic signal corresponding to a portion of the
azimuthal angular range, the two-dimensional array of
receiver elements being disposed on a surface of a cylin-
drical member and being spaced apart to provide a gap
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between neighboring receiver elements, the two-dimen-
sional array of receiver elements comprising a piezo-
electric film;

analyzing the received acoustic signal to characterize fea-

tures of the material around the borehole.

2. The method according to claim 1, wherein generating the
acoustic wave comprises transmitting a first acoustic wave
and a second acoustic wave into an acoustically non-linear
medium to produce a collimated beam by a non-linear mixing
process, wherein the collimated beam propagates through the
non-linear medium in a same direction as an initial direction
of the first and second acoustic waves and has a frequency
equal to a difference of the first and the second acoustic
waves.

3. The method according to claim 2, wherein the non-linear
medium includes one or more of a mixture of liquids, a solid,
a granular material, embedded microspheres, or an emulsion.

4. The method according to claim 2, further comprising
encoding the collimated beam with a time-varying code by
introducing a time-varying component including one or more
of chirping or frequency sweep to one of the first and the
second acoustic signals.

5. The method according to claim 4, wherein the time-
varying components comprises a variation in amplitude, fre-
quency, or phase, or any combination thereof.

6. The method according to claim 5, wherein the time-
varying components comprise a variation in amplitude, fre-
quency, or phase, or any combination thereof.

7. The method according to claim 1, wherein generating the
acoustic wave comprises generating the acoustic wave using
a plurality of transducers arranged in an array.

8. The method according to claim 1, wherein directing the
acoustic wave comprises directing the acoustic wave using a
steering guide device.

9. The method according to claim 8, wherein directing the
acoustic wave comprises using a focusing device including an
acoustic reflector, an acoustic lens or both.

10. The method according to claim 1, wherein the analyz-
ing comprises analyzing the received acoustic signal after it
has reflected or backscattered from inhomogeneities in the
rock formation or materials surrounding the borehole, or both
to generate an image that provide information on cement
bonding, fractured areas, or other defects.

11. The method according to claim 1, further comprising
moving the acoustic source and the one or more receivers as
whole along a borehole axis.

12. The method according to claim 1, further comprising
moving the one or more receiver elements independently
from the acoustic source along a borehole axis.

13. The method according to claim 1, further comprising
spacing the receiver elements in the array of receiver elements
and selecting a size of the receiver elements to achieve a
desired azimuthal angular resolution of the received acoustic
signal between about 5 deg. and about 15 deg.

14. The method according to claim 1, further comprising
electronically selecting one or more receiver elements in the
two-dimensional array of receiver elements to receive the
acoustic signal without rotating the array of receiver ele-
ments.

15. The method according to claim 1, wherein the piezo-
electric film comprises a polyvinylidene difluoride (PVDF).

16. The method according to claim 1, further comprising
disposing the acoustic source and the one or more receiver
elements within a housing and disposing the housing within a
borehole.
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17. The method according to claim 1, further comprising
moving the acoustic source independently from the one or
more receivers.

18. The method according to claim 1, further comprising
rotating the acoustic source, the one or more receiver or both
azimuthally around a borehole axis.

19. The method according to claim 1, wherein character-
izing features of the material around the borehole comprises
detecting a fracture of in a cement casing of the borehole, a
gap between the cement casing and the rock formation, or a
gap between the cement casing and a metal casing of the
borehole, or any combination thereof with an azimuthal reso-
lution between approximately 5 deg. and approximately 15
deg.

20. The method according to claim 1, wherein character-
izing features of the material around the borehole comprises
imaging reservoir layers, stratigraphy, fractures or faults, or
any combination thereof with an azimuthal resolution
between about 5 deg. and about 15 deg.

21. The method according to claim 1, wherein character-
izing features of the material around the borehole comprises
measuring compressional velocity, shear velocity of the rock
formation, or both with azimuth determination.

22. The method according to claim 21, wherein character-
izing features of the material around the borehole comprises
detecting heterogeneities behind pipes or canalizations.

23. The method according to claim 1, wherein the charac-
terizing comprises performing 3D analysis of geo-mechani-
cal properties around boreholes from analysis of refraction
waves and Lamb waves to improve characterization of the
invasion zone and any borehole damage.

24. The method according to claim 1, wherein the charac-
terizing comprises performing 3D imaging of velocity of rock
formation near the borehole using refraction analysis.

25. The method according to claim 1, wherein the charac-
terizing comprises performing 3D mapping of fractures from
reflections of linear arrivals.

26. The method according to claim 1, wherein the charac-
terizing comprises performing 3D mapping of permeability
and production skin of reservoirs.

27. The method according to claim 1, wherein generating
anacoustic wave comprises generating an acoustic beam with
a phase-code Gaussian pulses in the lower frequency range
between approximately 10 kHz and about 30 kHz for deeper
penetration into the rock formation.

28. The method according to claim 1, wherein analyzing
the received acoustic signal to characterize features of the
material around the borehole comprises performing a time-
frequency analysis of the received acoustic signal.

29. The method according to claim 28, further comprising
determining a frequency content of the received acoustic
signal as a function of time s0 as to determine frequencies that
are prominent at certain times during propagation.

30. The method according to claim 28, wherein performing
the time-frequency analysis comprises performing a short-
time Fourier transform (STFT) analysis.

31. The method according to claim 28, wherein performing
the time-frequency analysis comprises determining a pres-
ence of a gap between the cement casing and the rock forma-
tion, or a gap between the cement casing and a metal casing of
a borehole, or any combination thereof with an azimuthal
resolution between approximately 5 deg. and approximately
15 deg.

32. The method according to claim 1, further comprising
directing the generated acoustic beam using steering device
downwardly generally in a direction of a borehole axis ahead
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of a drilling bit towards a rock formation and detecting by a
receiver a reflected acoustic wave from one or more layer
within the rock formation.
33. The method according to claim 32, further comprising
determining a position of the one or more layers based on the
reflected received acoustic wave.
34. The method according to claim 33, further comprising
determining an amount of tilt of the one or more layers based
on an orientation of the generated acoustic beam and the
detected received acoustic wave.
35. A system for investigating cement bonding or rock
formation structure near a borehole, comprising:
an acoustic source configured to generate a collimated
acoustic beam and to direct the collimated acoustic
beam at one or more azimuthal angles and at one or more
inclination angles towards a selected location in a vicin-
ity of a borehole, the collimated acoustic beam having a
frequency in the frequency approximately 15 kHz and
120 kHz;

an acoustic detector comprising a two-dimensional array
of receiver elements, the two-dimensional array of
receiver elements being configured to receive an acous-
tic signal in an azimuthal angular range, the acoustic
signal originating from a reflection, a refraction, or a
surface wave propagation or any combination thereof, of
the collimated acoustic beam by a material at the
selected location, the two-dimensional array of receiver
elements being disposed on a surface of a cylindrical
member and being spaced apart to provide a gap
between neighboring receiver elements, the two-dimen-
sional array of receiver elements comprising a piezo-
electric film, wherein each receiver element in the two-
dimensional array of receiver elements is configured to
receive a portion of the acoustic signal corresponding to
a portion of the azimuthal angular range; and

a processor configured to perform data processing on the
received acoustic signal to analyze the received acoustic
signal to characterize features of the material around the
borehole.

36. The system according to claim 35, wherein the acoustic
source comprises a non-linear medium including one or more
of'a mixture of liquids, a solid, a granular material, embedded
microspheres, or an emulsion.

37. The system according to claim 35, wherein the acoustic
source comprises:

a housing;

a plurality of spaced apart piezo-electric layers disposed

with the housing; and

anon-linear medium filling between the plurality of layers,

wherein each of the plurality of piezoelectric layers are
configured to generate an acoustic wave, and wherein
the non-linear medium and the plurality of piezo-electric
material layers have a matching impedance so as to
enhance a transmission of the acoustic wave generated
by each of plurality of layers through the remaining
plurality of layers.

38. The system according to claim 37, wherein the housing
has a cylindrical configuration and the plurality of piezo-
electric layers are spaced apart along a length of the cylindri-
cal configuration.

39. The system according to claim 38, where the cylindri-
cal configuration has circular base or a polygonal base.

40. The system according to claim 37, wherein the non-
linear medium comprises a fluid.

41. The system according to claim 40, wherein the fluid
comprises water.
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42. The system according to claim 37, wherein the piezo-
electric layer comprises a polyvinylidene difluoride (PVDF)
film.

43. The system according to claim 37, further comprising
an electrical generator configured to electrically excite at
least one piezo-electric layer in the plurality of piezo-electric
layers to generate an acoustic wave pulse.

44. The system according to claim 37, further comprising
an electrical generator configured to electrically excite the
plurality of piezo-electric films to generate a plurality of
acoustic wave pulses that are separated in time to form a train
of acoustic wave pulses.

45. The system according to claim 44, wherein the plurality
of time separated acoustic wave pulses are timed so as to be
summed to generate an acoustic beam with a power substan-
tially equal to a sum of powers of individual acoustic wave
pulses at an output of the acoustic source.

46. The system according to claim 37, further comprising
an acoustic absorber material disposed at a first end of the
housing and a plate disposed at a second end of the housing
opposite the first end, the plate being selected from a material
that substantially transmits the acoustic wave at a desired
acoustic wavelength range.

47. The system according to claim 46, wherein a lateral
wall of the housing is layered with acoustic insulation to
prevent the acoustic wave from reflecting from the lateral
wall.

48. The system according to claim 46, wherein the plate is
configured to collimate to obtain an acoustic beam or focus
the acoustic wave.

49. The system according to claim 37, wherein the piezo-
electric layers are equally spaced apart within the housing.

50. The system according to claim 37, wherein the housing,
the plurality of piezo-electric layers and the non-linear
medium are configured to generate an acoustic beam.

51. The system according to claim 35, wherein a frequency
of the acoustic wave is in a range between approximately 15
kHz and approximately 120 kHz.

52. The system according to claim 35, further comprising a
steering guide configured to direct the acoustic wave.

53. The system according to claim 52, wherein the steering
guide includes an acoustic reflector, an acoustic lens, or both.

54. The system according to claim 35, wherein the proces-
sor is configured to analyze the received acoustic signal after
it has reflected or backscattered from inhomogeneities in the
rock formation or materials surrounding the borehole, or both
to generate an image that provide information on cement
bonding, fractured areas, or other defects.

55. The system according to claim 35, further comprising a
controller configured to move the acoustic source and the one
or more receiver elements.

56. The system according to claim 35, wherein the control-
ler is configured to move the acoustic detector independently
from the acoustic source or to the move the acoustic source
and the acoustic detector as a whole along a borehole axis.

57. The system according to claim 35, wherein a size of the
receiver elements is selected to achieve a desired azimuthal
angular resolution of the received acoustic signal between
approximately 5 deg. and approximately 15 deg.

58. The system according to claim 35, further comprising a
controller configured to electronically selecting one or more
receiver elements in the two-dimensional array of receiver
elements to receive the acoustic signal without rotating the
receiver acoustic detector.

59. The system according to claim 35, wherein the piezo-
electric film comprises a polyvinylidene difluoride (PVDF).
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60. The system according to claim 35, wherein the proces-
sor is configured to characterize a fracture of in a cement
casing of the borehole, a gap between the cement casing and
the rock formation, or a gap between the cement casing and a
metal casing of the borehole, or any combination thereof with
an azimuthal resolution between approximately 5 deg. and
approximately 15 deg.

61. The system according to claim 35, wherein the proces-
sor is further configured to characterize features of the mate-
rial around the borehole by detecting heterogeneities behind
pipes or canalizations.

62. The system according to claim 35, wherein the proces-
sor is configured to perform 3D analysis of geo-mechanical
properties around boreholes from analysis of refraction
waves and Lamb waves to improve characterization of the
invasion zone and any borehole damage.

63. The system according to claim 35, wherein the proces-
sor is configured to perform 3D imaging of velocity of rock
formation near the borehole using refraction analysis.

64. The system according to claim 35, wherein the proces-
sor is configured to perform 3D mapping of fractures from
reflections of linear arrivals.

65. The system according to claim 35, wherein the acoustic
source is configured to generate a pulsed acoustic beam in the
frequency range between approximately 15 kHzand 120 kHz
to measure surface and guided waves, and detect cement a gap
between a casing and a cement in a borehole or a gap between
the cement and rock formation, or both, based the measured
surface and guided waves, with an azimuthal angular resolu-
tion in the range between approximately 5 deg. and approxi-
mately 15 deg.

66. The system according to claim 35, wherein the proces-
sor is configured to perform a time-frequency analysis of the
received acoustic signal.

67. The system according to claim 66, wherein the proces-
sor is configured to provide a frequency content of the
received acoustic signal as a function of time so as to deter-
mine frequencies that are prominent at certain times during
the propagation.

68. The system according to claim 67, wherein the proces-
sor is configured to perform a short-time Fourier transform
(STFT) analysis.

69. The system according to claim 67, where the processor
is configured to determine a presence of a gap between the
cement casing and the rock formation, or a gap between the
cement casing and a metal casing of a borehole, or any com-
bination thereof with an azimuthal resolution between
approximately 5 deg. and approximately 15 deg. based on the
time-frequency analysis.

70. The system according to claim 35, wherein the acoustic
source comprises a steering device configured to direct the
generated acoustic beam downwardly generally in a direction
of a borehole axis ahead of a drilling bit towards a rock
formation.

71. The system according to claim 70, wherein the receiver
is configured to detect a reflected acoustic wave from one or
more layers within the rock formation.

72. The system according to claim 71, wherein the proces-
sor is configured to determine a position of the one or more
layers based on the reflected received acoustic wave.

73. The system according to claim 72, wherein the proces-
sor is further configured to determine an amount of tilt of the
one or more layers based on an orientation of the generated
acoustic beam and the detected received acoustic wave.

* #* #* #* #*
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We present a very simple approach to generate a collimated ultrasonic beam that exploits the
natural Bessel-like vibration pattern of the radial modes of a piezoelectric disc with lateral clamp-
ing. This eliminates the need for the conventional annular Bessel pattern of the electrodes with
individual electrode excitation on the piezo-disc, thus simplifying the transducer design. Numerical
and experimental studies are carried out to investigate the Bessel-like vibration patterns of these
radial modes showing an excellent agreement between these two studies. Measured ultrasonic
beam-profiles in water from the radial modes confirm the profile to be a Bessel beam. Collimated
beam generation from radial modes is investigated using a coupled electromechanical finite-
element model. It is found that clamping the lateral edges of piezoelectric transducers results in a
high-degree of collimation with practically no side-lobes similar to a parametric array beam.
Ultrasonic beam-profile measurements in water with both free and clamped piezoelectric trans-
ducer are presented. The collimated beam generation using the present technique of using the later-
ally clamped radial modes finds significant applications in low-frequency imaging through highly

attenuating materials. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4975800]

A collimated beam refers to a directed beam that propa-
gates in a medium with little or no angular spread. An ideal
collimated beam is diffraction-free. The existence of non-
diffractive optical beams was first theoretically postulated by
Durnin,! and later, experimental investigationsz_4 demon-
strated such beams for propagation over considerable distan-
ces. These were more commonly referred to as Bessel-beams
owing to the analytical nature (resembles a Bessel function) of
the (electric) field*® they produce in the propagating medium.
There has been a significant interest in the study of an acoustic
analog of such Bessel beams. Hsu ez al.” presented the first
experimental realization of an ultrasonic transducer that gener-
ated a Bessel-like beam. This employed a shaped Lead
Zirconante Titanate (PZT) ceramic disc that mimicked a
Bessel radial annular pattern to achieve the diffraction-limited
behavior. A non-uniform electric field strength was used to
permanently pole these annular lobes of the disc-shaped trans-
ducers. Campbell and Soloway® analyzed an alternate design
of ultrasonic transducers that uses an annular array PZT with
weighted Bessel-like voltage excitation of individual electro-
des. It was analytically shown to result in frequency-
independent beam-width and hence applicable to both continu-
ous and broadband pulsed excitations.

Acoustic Bessel beams have a strong potential for appli-
cations in imaging where the directivity of the beam has a
significant effect on the azimuthal resolution. Biomedical
imaging applications’™' harness the potential of non-
diffracting Bessel beams for larger depth-of-view in imag-
ing. Lu and Greenleaf® discussed the important beam-profile
characteristics of Bessel-transducers using numerical simula-
tions and also experiments using both continuous wave
(CW) and pulsed-wave excitations (PW). In addition, recent
studies'*™'* discussed the potential of using Bessel beams
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for efficient particle entrapment and manipulation using
sound. Critical to the diffraction-limited propagation of
Bessel beam is the design and fabrication of the transducer.
Several numerical and experimental investigations'*'® stud-
ied the optimal design parameters of these transducers for
ultrasonic applications. However, it should be noted that
most of these studies employ patterned annular array trans-
ducer design to generate these beams. The transducer is
excited with a voltage distribution that mimics a Bessel
function (typically Jy) along the radial direction. These
transducers are application-specific and operate in a
thickness-resonance mode. Moreover, these are designed for
high-frequency (>1 MHz) operation and may not perform
well if one is interested in applications involving highly
attenuating materials where much lower frequencies are
required due to high absorption of the medium that increases
with frequency. In this paper, we present a simple design of
piezoelectric disc transducers for low-frequency ultrasonic
collimated beam generation. Some of the main characteris-
tics of these transducers are that these:

(1) do not require specifically designed annular electrode
patterns with customized individual electrode excitation
and hence require simple electronics to operate;

(2) operate in the low-frequency regime (<500 kHz);

(3) employ a laterally clamped radial-mode as opposed to
thickness-mode resonances for collimated beam genera-
tion, thus requiring smaller thickness disc even for low-
frequency wave generation;

(4) they dissipate considerably lower energy in the side-
lobes of the ultrasonic beam when compared to their
existing Bessel transducer counterparts; '’

(5) they have superior collimation characteristics when com-
pared to the disc transducers operating in the thickness-
mode resonance.

Published by AIP Publishing.
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Next, we discuss the radial modes of piezoelectric discs
and present numerical and experimental results pertaining to
Bessel-like vibration characteristics of these modes.

Two classes of resonant modes of vibration exist for a
piezo-disc. The thickness mode that is commonly employed
in experimental investigations corresponds to a resonant
vibration set up through the thickness. On the other hand, of
interest to this study are the radial modes of resonance set up
along the radial direction. Guo and Cawley'® and Kocbach'
discussed in detail the resonance and vibration characteris-
tics of the radial modes of disc transducers. A key feature of
these modes is that they naturally possess the annular vibra-
tion pattern necessary for the generation of a Bessel beam.
The main advantage of using this approach is that the
Bessel-like pattern can be obtained at multiple frequencies
by appropriately tuning to the radial resonances of the disc.
Reference 13 discusses the potential of the Bessel beams
generated from these radial modes for acoustic tweezer and
tractor applications.

In our experimental studies, we used a PZT-4 disc with a
diameter D = 50 mm and thickness T = 2.1 mm, with a fun-
damental thickness mode resonance of 1 MHz. The experimen-
tally measured electrical impedance curve (up to the fourth
radial mode) for the disc is shown in Fig. 1. The minima in the
impedance curve correspond to the resonant frequencies of
radial modes and are marked RM-(1-4). The corresponding fre-
quencies are 44.2 kHz, 116.1kHz, 183.6kHz, and 249.1 kHz,
respectively. We carried out numerical and experimental
studies to investigate the vibration pattern of the piezo-disc.
Figure 2 shows the vibration pattern obtained from numerical
simulation (shown on the left) and that from experiment
(shown on the right) obtained using a Polytec laser vibrometer
(OFV-5000) and an OFV-505 sensor head. Clearly, as the fre-
quency increases, i.e., as one moves from RM-1 to RM-4, one
can see an increase in the number of nodal rings in the vibration
pattern. While ideal radial modes are axisymmetric as evident
from the numerical results, the excitation of a pure mode in the
experiment is generally difficult due to any inhomogeneities in
the material properties of the disc that break the axial symme-
try. Hence, the experimental results show the presence of non-
axisymmetric modes superposed on the axisymmetric ones
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FIG. 1. The electrical impedance curve of the piezoelectric disc transducer
used for experiments.
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resulting in an azimuthal periodicity. These plots resemble a
zeroth-order Bessel function (Jy) with increasing number of
lobes along the radial direction as frequency increases. Thus,
having experimentally confirmed the Bessel-like annular vibra-
tion pattern, we investigated the ultrasonic beam generation
from these modes in water, in an immersion tank, to show that
these indeed generate Bessel beams.

Figure 3 shows the schematic of the experimental setup
employed to measure ultrasonic beam profile in water. The
scan area is chosen to be a 400 mm x 200 mm rectangle in a
large immersion tank to avoid reflections from the walls. A
PZT-4 disc is used to generate ultrasonic waves from the
radial mode RM-3, and the resulting pressure field in water
is measured using a hydrophone (TELEDYNE Reson
TC4013). Analytical results for the pressure field generated
by RM-3 are obtained using the method®® that essentially
considers the radiating transducer as a collection of point-
sources and sums up the contribution from each to evaluate
the total-field in the radiating medium. For these calcula-
tions, the pressure distribution at the source (PZT-4) is
assumed to be p(r,Z = 0) = Jo(ar) for 0 < r <2, where “r”
is the radial coordinate on the disc, Jy is the zeroth-order
Bessel function, and o = 346.15 m~! for RM-3. Figure 4
compares the analytical results with experimentally obtained
pressure profiles along the X-direction for Z =100, 200, and
300 mm. Likewise, Fig. 5 compares the axial pressure pro-
files. Clearly, the analytical and experimental results agree
very well confirming that radial modes indeed generate a
Bessel beam in the medium. It should be noted that the
Bessel beams possess side-lobes in addition to the main
central-lobe that makes it less suitable for certain imaging
applications. To that end, we next present an improved
design of the disc transducers that result in the reduction of
side-lobes while retaining the collimation property.

First, collimated beam generation from the radial modes
(RM-(1-4)) is investigated using a coupled electromechani-
cal model in COMSOL Multiphysics®' to couple the vibra-
tion of PZT transducer to the water medium. A time-domain
wave propagation study was carried out for all the radial
modes (RM-(1-4)), and a snapshot of wave propagation
from the radial mode RM-3 in water is shown in Fig. 6
(Multimedia view). The other modes have similar qualitative
behavior but at different frequencies. On the left panel in
Fig. 6 is the beam-profile when the lateral edges of the PZT-
disc are free, i.e., unconstrained and in fact corresponds to a
Bessel beam. As can be seen, this results in significant side-
lobes leading to energy being spread in multiple directions.
These appear due to the side-lobes in the Bessel-like pattern
shown in Fig. 2. While the central-lobe is collimated, the
presence of side-lobes makes this design less suitable for
imaging applications. Additional signal processing techni-
ques like the ones discussed in Ref. 17 need to be employed
for side-lobe reduction. Here, we demonstrate a much simpler
way to achieve collimation with significant side-lobe reduction
by using a laterally clamped transducer. When the lateral
edges of the PZT are mechanically constrained, the ultrasonic
beam is well-collimated with practically no side-lobes as it can
be seen in Fig. 6 (Multimedia view). This beam obtained with
side-lobe reduction is akin to truncated Bessel beams in
optics®” and can result in significant improvement of resolution
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FIG. 2. The out-of-plane vibration pat-
tern of the first four radial modes of a
piezoelectric disc transducer: numeri-
cal simulation (left) and experiments
(right).

in imaging applications. However, in our case, clamping of the
lateral edges of the PZT is changing the boundary condition
from stress-free to a stressed circumference, altering the vibra-
tion pattern of the radial mode. It is this altered vibrational
mode that generates the Bessel beam with reduced side-lobes.
Motivated by the above numerical results, we carried
out experiments with both free and clamped PZT discs to
measure ultrasonic beam profile in water for RM-3. Only the

third radial mode is shown here, but similar results were

obtained for the other three radial modes. Clamping was
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FIG. 4. Transverse pressure profiles (Z= 100, 200, and 300 mm) comparing
analytical with experimental results for RM-3.

obtained using a Plexiglas rim glued around the circumfer-
ence of the PZT disc. The experimental beam-profile in
water for both free and clamped PZT transducer are shown
in Fig. 7. The contour-line shown in magenta in Fig. 7 corre-
sponds to a peak-to-peak voltage (Vpp) of 0.15V. Clearly,
there is a considerable reduction in the side-lobes of the
beam upon clamping. It should be noted that beam generated
by the radial modes of a clamped transducer has a beam pro-
file that is very close to that produced by the difference fre-
quency of a parametric array.>>** However, in the present
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FIG. 5. Axial pressure profiles (X =0 mm) comparing analytical with exper-
imental results for RM-3.
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FIG. 6. Comparison of (numerical) ultrasonic beam profile (on same color-
scale) in water for the radial mode RM-3; free transducer (left) and clamped
transducer (right). A time-domain movie showing the wave propagation for
both free and clamped PZT is available. (Multimedia view) [URL: http://
dx.doi.org/10.1063/1.4975800.1] [URL: http://dx.doi.org/10.1063/1.4975800.2]

case, the power is significantly larger, by a factor of about
20, as the difference frequency generation by a parametric
array is a very inefficient process. Moreover, the collimated
beam in the clamped case has a longer distance of propaga-
tion when compared to the free PZT case, i.e., the Bessel
beam. This is expected as there is no energy-loss in the
clamped case due to the absence of side-lobes.

A typical way of generating ultrasonic beams is to use
thickness-mode resonances of PZT-discs. For low-frequency
beam generation, this necessitates the use of thicker discs
when compared to their radial mode counterparts. To estab-
lish the superior collimation properties of the proposed trans-
ducer design, we compare the beam-width characteristics
obtained from the clamped radial mode with that of a piston-
source that mimics an ideal thickness-mode source. The
diameter of the transducer was chosen to be 50 mm, and the
frequency was chosen to be 183.6 kHz—that corresponds to
RM-3. Table I shows the full-width-half-maximum (FWHM)
at Z =200, 300, and 400 mm for both the cases. Clearly, the
proposed transducer design produces a smaller beam-width
(by as much as 35% for RM-3) when compared to the trans-
ducer operating in the thickness-mode. Moreover, it is
observed that at lower frequencies, the proposed design has
even better collimation characteristics (by as much as 45%
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FIG. 7. Comparison of (experimental) ultrasonic beam profile in water for
the radial mode RM-3; free transducer (left) and clamped transducer (right).
The contour-line shown in magenta corresponds to a peak-to-peak voltage
(Vpp) of 0.15V.
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TABLE 1. Table comparing FWHM for an ideal piston-source with that of
the proposed design for a transducer of diameter 50 mm operating at a fre-
quency of 183.6 kHz.

Piston-source Proposed design
Z (mm) (FWHM (mm)) (FWHM (mm))
200 47 36
300 70 48
400 93 61

reduction in beam width) when compared to the thickness-
mode transducer. It should be noted that the clamping due to
Plexiglas ring is not an ideal design, and it should be expected
that any improvement in the design leading to a better clamp-
ing mechanism will result in an enhanced collimated beam
generation. Efforts in this direction are underway.

To conclude, we have developed a simple approach for
collimated beam generation by utilizing the natural vibration
pattern of radial modes of the PZT disc transducer with lat-
eral clamping. This approach does not require a patterned
PZT disc and hence is much simpler to achieve and is also
cost-effective. We carried out numerical and experimental
studies to investigate the radial modes of vibration and their
use in collimated beam generation. It was found that the
experimentally obtained disc vibration pattern and the corre-
sponding beam-profiles agreed well with those obtained
from numerical simulations (coupled electromechanical
modeling). Experimental data further confirmed that these
radial modes indeed generate Bessel beams with significant
side-lobes when the lateral edges of the PZT are free.
However, when the lateral edges were mechanically con-
strained, the side-lobes were considerably minimized and it
resulted in a well-collimated beam. Experiments were con-
ducted to validate the above findings, and it was indeed
determined that a clamped transducer results in significant
suppression of side-lobes. Moreover, the collimated beam
from the clamped transducer had a larger depth of penetra-
tion due to the absence of side-lobes. This is very similar to
what is obtained from a parametric array, but with larger
amplitude. Finally, the beam characteristics of the proposed
transducer design were compared with the conventional
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transducers operating in the thickness-mode resonance. It
was found that the proposed design results in a smaller
beam-width with superior collimation characteristics com-
pared to the thickness-mode transducer.

This research was funded by DOE EERE—Geothermal
Technologies Program through SubTER (Subsurface
Technology and Engineering Research, Development and
Demonstration).
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HIGHLIGHTS

e We numerically investigate the resonant and vibration characteristics of radial modes of laterally stiffened piezoelectric discs.

e Bessel-like vibration pattern of these modes was observed to alter with increasing lateral stiffening.

e Ultrasonic beam profiles from these radial modes were obtained using a coupled acoustic-structure interaction model.

o Lateral stiffening results in a well-collimated beam with significant reduction in sidelobes.

e Collimated beam from radial modes of laterally stiffened piezo-discs find applications in low-frequency imaging through highly
attenuating materials.
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R:}é‘;\:l)rm;des stiffness. While the vibration pattern of a free disc corresponds to a Bessel function, laterally
Collimated beam stiffened discs show edge-effects where they depart from the Bessel-like behaviour. In
Ultrasonics addition, a fully clamped piezo-disc is found to have an extra side-lobe when compared

to a free disc. Ultrasonic beam profiles generated from radial modes of laterally stiffened
discs are numerically investigated. It is found that the free piezo-disc generates a Bessel
beam that has multiple side-lobes. Increasing the lateral stiffness results in a significant
reduction of side-lobes in the beam profile. This technique of generating a collimated beam
with side-lobe reduction finds significant applications in imaging through concrete, drilling
mud, and other highly attenuating materials.

Published by Elsevier B.V.

1. Introduction

Piezoelectric transducers are widely used for a variety of ultrasonic applications as they are cost-effective and easy to
operate. Resonant vibration characteristics of the transducers guide their choice for specific applications. Some of the early
studies on understanding the vibration characteristics of PZT discs can be traced back to Shaw [ 1], Shaw and Sujir [2], Ikegami
et al. [3], and Adelman et al. [4]. Indeed, it is worth pointing out that Shaw [1] not only presents the resonant frequency
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0165-2125/Published by Elsevier B.V.
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@

Fig. 1. Schematic of the axisymmetric model for piezo-disc with lateral stiffness.

characteristics of Barium Titanate discs but also discusses the out-of-plane modal vibration pattern of some of the modes
with measurements made using an optical interference technique. Similar studies were carried out in Huang et al. [5] for
piezo ceramic discs. With the advent of numerical techniques, such as the finite element method [6], the modal vibration
characteristics of piezo-discs were studied in great detail. Guo et al. [7] and Kunkel et al. [8] use finite element approach to
obtain resonant frequencies and mode shapes for the axisymmetric vibrations of piezo-discs. Disc transducers have different
types of resonant modes [7]—Radial (R), Edge (E), Thickness extensional (TE), Thickness Shear (TS), and high-frequency
radial modes. The thickness mode (TE) is the most commonly employed mode for applications where the transducer is often
assumed to operate as a piston source even though such piston-like behaviour is only an idealization [9]. On the other hand,
the radial modes of the disc transducers have received considerable attention for low-frequency vibration applications such
as energy harvesting [ 10] and also in structural health monitoring [ 11]. Moreover, they are receiving increasing attention for
acoustic applications such as particle manipulation and entrapment [ 12,13] and collimated beam generation [ 14] for imaging
applications. Typically, the analyses pertaining to vibration of piezo-disc transducers are generally carried out under the
assumption that the circumference of the disc is traction-free with few exceptions as in Refs. [ 15,16]. It was recently shown
by the authors [ 14] that the ultrasonic beam generated from radial modes of a free piezo-disc transducer can be significantly
different from that generated by a laterally clamped transducer. In fact, the latter design was shown to generate a well-
collimated beam with minimal energy in the side-lobes. While an ideal clamping of the disc is impossible to achieve in
real-life, lateral stiffening is the only viable alternative that mimics clamping.

In this short communication, we numerically investigate the effect of lateral stiffening on the vibration characteristics of
radial modes. Also, we discuss the effect of this lateral stiffening on ultrasonic beam propagation in unbounded media and in
particular, its role in collimated beam generation. First, we present numerical results that discuss the effect of lateral stiffness
on (1) the resonant frequency characteristics and (2) the vibration pattern of the radial modes of disc transducers. The
circumferential edge effects that become prominent with increasing lateral stiffness will be highlighted. Then, we investigate
(3) the ultrasonic beam generation from the laterally stiffened radial modes. Axial and transverse ultrasonic beam profiles
will be presented along with a discussion on collimated beam generation and side-lobe reduction. Finally, we summarize
our key findings.

2. Radial modes of laterally stiffened piezoelectric discs

Radial modes of traction-free piezoelectric discs have been studied in great detail [7,8,17] in the literature. A key feature
of these radial modes is that they possess a Bessel-like vibration pattern that emerges naturally out of solutions to the elastic
boundary-value problem in cylindrical coordinates. This Bessel-like vibration pattern has long been employed for collimated
beam generation in unbounded media both in electromagnetics [ 18-20] and acoustics [21-23]. In acoustics, this Bessel-like
vibration pattern is generally obtained by patterned electrodes with individual electrode excitation that mimics a Bessel
function (Jo). Typically, the piezo-disc is designed to operate in the thickness-mode resonance that is generally in the high-
frequency regime (>1 MHz). However, the same Bessel-like pattern can be naturally obtained [13,14] without the need for
any electrode patterning by using the radial modes of the disc transducers. So, by using radial modes, one can generate Bessel
beams [14] at low frequencies that find applications in imaging. Here, we numerically investigate the radial mode vibration
characteristics of laterally stiffened piezo-discs. Fig. 1 shows the schematic of a vibrating piezo-disc with lateral stiffening
modelled as a spring. For our numerical studies, we employ an axisymmetric model in COMSOL Multiphysics [24] where the
z-axis is chosen to be the axis of symmetry as shown. It should be noted that we do not explicitly model the electrode as a
finite layer but employ an electric potential boundary condition on the top and bottom faces of the piezo-disc.
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Table 1
List of symbols used in the equations.

Radius of the disc

Thickness of the disc

Cauchy stress tensor

Strain tensor

Density

Displacement

Unit vectors along the radial and axial directions respectively
Radial and axial coordinates respectively

Lateral stiffness matrix for the spring

Electric current displacement vector

Electric potential

Applied electric potential difference between the electrodes
Electromechanical coupling coefficients

Electric field

Relative permittivity

Permittivity of free space

NN

MRS UTARIPEDNQ S

m M
o =

The governing equations and appropriate boundary conditions for the vibration of piezo-disc are given by

V.o = pil (Balance of linear momentum)
of = —Ku)onr =R
0z=0o0onz=0, —T
V.D = 0 (Gauss law)
Di=0onr =R
¢z =—T) = ¢o(t); ¢(z=10)=0. (1)
The constitutive equations for the piezoelectric material are given by
lo] = Clle] — [el"[E]
[D] = [ele + eoler[E] (2)
The physical quantities corresponding to the symbols used in the above equations are listed in Table 1. The ones enclosed
in parentheses [.] denote the corresponding matrix/vector representation used in constitutive equations. For the piezo-

disc material, we choose PZT-5A (p = 7750 kg/m?) whose elastic ([C]), electromechanical coupling ([e]), and relative
permittivity ([¢,]) matrices as defined in COMSOL piezoelectric materials module are given below.

120.3 75.17 75.09 0 0 0
75.17 1203  75.09 0 0 0
75.09 75.09 110.86 0 0 0

[CI=1"9 0 0 2105 0 o |CPa
0 0 0 0 2105 0
0 0 0 0 0 2257
0 0 0 0 12.947 0

[el=| O 0 0 12.947 0 0| C/m?
—5.35 —535 15.78 0 0 0
919.1 0 0

1= 0 9191 0

0 0 8266

For the lateral stiffness matrix, we choose K = [k(} ,?2

our studies we set k; = k, = k.

First, we investigate the resonant frequency characteristics for free (k = 0) and clamped (k = oo) PZT discs. Fig. 2(a)
shows the resonant frequency curves for a free PZT disc, where the frequency-thickness product is plotted as a function of
the diameter-to-thickness ratio (%). The Radial (R), Edge (E), Thickness Extensional (TE), and Thickness shear (TS) modes are
indicated. Although not shown here, similar curves are obtained for a clamped disc. Fig. 2(b) shows a comparison between
the resonant frequencies for first six radial modes of free and clamped discs. Clearly, the resonant frequencies of radial
modes of a free disc are smaller compared to those of a clamped disc. This is due to the increase in effective stiffness of
the system (pizo-disc+lateral spring) to radial modes of vibration upon clamping. However, the thickness modes (at large

], where k; and k; are radial and axial stiffness respectively. For
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Table 2
Resonant frequencies of the first four radial modes of the free and clamped
PZT disc.
Mode Free PZT (kHz) Clamped PZT (kHz)
RM-1 39.6 733
RM-2 102.5 133.6
RM-3 161.8 192.3
RM-4 2194 249.2
2.5 o7
\ 0.6
2 k\
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= £
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Fig. 2. (a) Resonant frequency curves for a free PZT and (b) Comparison of the resonant frequency curves of first six radial modes for free and clamped discs.
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Fig. 3. Normalized out-of-plane displacements on the surface of the disc for RM-3 and their corresponding Bessel function fits i.e., [Jo(ar)| (a) free
(e = 343.54m~") and (b) clamped PZT (« = 408.98 m~").

diameter-to-thickness ratio) for the free and clamped disc are found to have the same resonant frequencies indicating that
the thickness modes are least influenced by the lateral clamping. Table 2 shows the resonant frequencies of the first four
radial modes of the PZT disc with radius R = 25 mm and thickness T = 2.1 mm. From here on, all the results presented in
this article are for a PZT disc with R =25 mm and T = 2.1 mm.

Figs. 3(a) and 3(b) show the out-of-plane vibration pattern of the free and clamped PZT disc for the third radial mode
RM-3. Also, shown in each of the figures is a Bessel function fit to the vibration pattern. While the free PZT has the exact
Bessel-like vibration pattern, the clamped PZT shows some edge-effects that result in an abrupt drop in the displacement
at the clamped end. In addition, the clamped PZT shows the presence of an extra-lobe in the vibration pattern. These two
features affect the beam profile from the transducer as discussed in Chillara et al. [14]. In Ref. [14], we used a plexi glass
rim for lateral stiffening that is far from the ideal clamped boundary conditions. However, a detailed understanding of the
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Fig. 4. Resonant frequencies of first four radial modes (RM-(1-4)) as a function of lateral stiffness.
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Fig. 5. Normalized out-of-plane displacement on the surface of the disc for RM-3 for different lateral stiffness k = 0, 1E13, 1E14, 1E15, and co (N/m?).

effect of the degree of lateral stiffening on the ultrasonic beam profiles requires a study in its own right. To that end, we first
discuss the effect of lateral stiffening on the resonant frequency characteristics and vibration pattern of the PZT discs. The
lateral stiffness is changed by increasing the lateral stiffness k. Fig. 4 shows the resonant frequency of the first four radial
modes with increasing k. When k = 0, the curves have an intercept corresponding to the free PZT disc. As k approaches oo,
the resonant frequency asymptotically approaches the value corresponding to the clamped PZT disc. It should be observed
that the steep rise in the curves imply that a small increase in lateral stiffness is sufficient to ensure the vibration response
of the disc approaches that of the clamped PZT. While Fig. 4 shows the effect of lateral stiffening on radial modes, it was
found that for large diameter-to-thickness ratio (>20) of piezo-discs, the resonant frequencies of E, TS and TE modes were
practically unaffected by the lateral stiffening. Fig. 5 shows the out-of-plane vibration pattern on the surface of the disc for
different lateral stiffness k = 0, 1E13, 1E14, 1E15, and oo (N/m?). Clearly, as the lateral stiffness increases, the vibration
pattern from the free disc approaches that of clamped disc.

Having discussed the effect of lateral stiffness on the vibration characteristics, we next discuss its effect on the ultrasonic
beam profile generated by radial modes.

3. Collimated beam generation from radial modes of laterally stiffened piezoelectric discs

A coupled acoustic-structure interaction model in COMSOL Multiphysics [24] is employed to investigate ultrasonic beam
profiles in water generated from the RM-3 of a laterally stiffened disc. The schematic of the axisymmetric model used for
simulations is shown in Fig. 6. Absorbing boundary conditions were employed on the edges of the fluid domain as indicated.

The appropriate governing equations for the coupled piezoelectric-fluid system are given by
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IAbsorbing boundary

Asepunoq 3uiquosqy

Fig. 6. Schematic of the axisymmetric model used for the simulation of ultrasonic beam profile from radial modes.

Piezoelectric domain
V.o = pil
of = —K(u)onr =R
0Zz=0onz=-T
vD=0
Df =0onr=R
¢z = —T) = ¢o(t); ¢p(z=0)=0; (3)
Fluid-domain
10%p
V.(Vp)= —— 4
(V)= 555 (4)
PZT-fluid coupled interface
0Z=-pzonz=0,0<r <R
pii.z=-Vpzonz=0,0<r <R (5)

For the fluid-domain, a rectangular mesh with at least 10 elements per wavelength (in the frequency range of interest) of
the propagating wave are used. For the piezoelectric domain, a discretization of 10 elements through the thickness and 50
elements along the radial direction is used to generate a rectangular mesh. A continuous time-harmonic voltage excitation
is applied to the piezo-disc, and a time-stepping scheme with a maximum time step of 0.01 s is used to investigate wave
propagation in the water medium. Fig. 7 shows a snapshot of the wave propagation for different lateral stiffness; k = 0
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Fig. 7. Ultrasonic beam profiles in water generated by RM-3 at 161.8 kHz for different lateral stiffness k = 0 (Free), 1E13, 1E14, and oo (Clamped) (N/m?).
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Fig. 8. Transverse pressure profiles in water generated by RM-3 at 161.8 kHz for different lateral stiffness k = 0 (Free), 1E13, 1E14, and oo (Clamped)
(N/m?).(a)z = 100 mm and (b) z = 300 mm

(Free), 1E13, 1E14, and oo (Clamped). When the lateral edges of the PZT are free, one can see multiple side-lobes in addition
to the collimated central lobe. This actually corresponds to a Bessel beam as was confirmed experimentally in Ref. [14].
On increasing the lateral stiffness, one can see a change in the ultrasonic beam characteristics (k = 1E13 and 1E14) which
transitions into that for a clamped PZT with minimal side-lobes. This effect is similar to that observed in optics [25] for
truncated Bessel beams. In our case, it is due to the change in the vibration pattern of the piezo-disc as shown in Fig. 5 due
to clamping.

Figs. 8(a) and 8(b) show the normalized transverse pressure profiles at z = 100 and 300 mm (away from the transducer
on the propagation axis) with the radial distance from the axis of the PZT. Clearly, the free PZT shows significant side-lobes
which reduce with increasing stiffness. Moreover, increasing the lateral stiffness beyond certain threshold do not seem to
have much effect on the beam profile. Fig. 9 shows the normalized pressure along the z-axis for different lateral stiffness.
All the plots show fluctuation in the near-field response. While the beam from a free PZT decays monotonically after the
near-field, lateral stiffening results in some interesting effects. For high lateral stiffness, the beam shows focusing behaviour
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Fig. 9. Axial pressure profiles in water generated by RM-3 at 161.8 kHz for different lateral stiffness k = 0 (Free), 1E13, 1E14, and oo (Clamped) (N/m?).

beyond the near-field resulting in a hump in the pressure profile. This can easily be observed for k = 1E14, 1E15, and the
Clamped cases. Also, the decay-rate of the pressure field from laterally stiffened discs is less compared to that of the free
disc. For laterally stiffened discs, it appears that the energy from the side lobes of the beam is redirected into the central lobe
as the beam propagates further along the axial direction. In this context, there are two competing mechanisms:

1. Natural decay in the energy of the central lobe
2. Increase in the energy of the central lobe due to the redirected energy from the side-lobes.

These competing mechanisms result in a hump/focusing effect and also the lesser decay in the amplitude beyond the
far-field of the transducer. Moreover, the beam-width of the central lobe increases with lateral stiffening as can be seen in
Figs. 8(a) and 8(b). However, it was shown in Chillara et al. [ 14] that these laterally stiffened discs have superior collimation
characteristics compared to the thickness-mode transducers operating at the same frequency.

4. Summary

In this article, we employed coupled electromechanical modelling approach for studying vibration characteristics of radial
modes of laterally stiffened piezo-discs and their role in ultrasonic collimated beam generation. First, resonant frequency
characteristics of the radial modes of the discs with varying lateral stiffness were investigated. It was found that increasing
the lateral stiffness from zero to a large value results in a monotonically increasing response of the resonant frequency from
a free disc to that of a clamped disc in an asymptotic fashion. Likewise, the vibration pattern of the disc approaches that of
the clamped disc with increasing lateral stiffness. Due to the edge-effects, the presence of lateral stiffness results in an abrupt
drop in the vibration amplitude at the edge of the disc. While the out-of-plane vibration pattern of a free PZT is an exact Bessel
function, the edge-effects result in a departure from this behaviour in the case of PZT with lateral stiffness. Moreover, it was
observed that the vibration pattern of the clamped PZT has one extra side-lobe when compared to the free PZT. Then, the
role of lateral stiffening on ultrasonic beam profiles in water was investigated using time-domain wave propagation studies.
While the free PZT was found to generate a Bessel beam with multiple side-lobes, increase in lateral stiffness resulted in a
significant reduction of side-lobes with the clamped PZT generating a well-collimated beam with minimal side-lobes. Axial
pressure profiles revealed an interesting focusing behaviour beyond the near-field of the disc transducers. Moreover, the
decay-rate of the pressure field for laterally stiffened discs was found to be less compared to a free PZT. This can lead to a
higher penetration-depth for the beam generated from laterally stiffened discs [14]. This novel approach of using laterally
stiffened piezo-discs for (low-frequency) collimated beam generation finds applications in imaging through concrete, rock
formation, drilling mud, and other highly attenuating materials.
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1
DEVICE AND METHOD FOR GENERATING A
BEAM OF ACOUSTIC ENERGY FROM A
BOREHOLE, AND APPLICATIONS THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of pending U.S.
patent application Ser. No. 12/166,842 filed on Jul. 2, 2008,
the contents of which are incorporated by reference in its
entirety.

GOVERNMENT RIGHTS

This invention was made with Government support under
Cooperative Research and Development Agreement
(CRADA) Contract Number DE-AC52-06NA25396
awarded by the United States Department of Energy. The
Government may have certain rights in this invention.

FIELD

The present invention relates generally to acoustic interro-
gation of rock formations around a borehole and more par-
ticularly to using the combination of an acoustic source
including a single transducer or an array of transducers in the
wellbore coupled to a non-linear material for producing an
acoustic beam as a probing tool from a borehole to interrogate
the properties of rock formations and materials surrounding
the borehole.

BACKGROUND

Acoustic interrogation of subsurface features tends to be
limited by the size and power of practical sources, and in
practice, the output of downhole acoustic transducers is lim-
ited by the power transmission capabilities of the wire line
cable. High frequency signals have a relatively short penetra-
tion distance, while low frequency signals generally require
large sources, clamped to the borehole wall, to maximize
energy transfer to the formation and minimize unwanted sig-
nals within the well bore. It is difficult to generate a colli-
mated acoustic beam signal in the 10 kHz-100 kHz range
from the borehole to probe the rock formation surrounding a
borehole, or any other material in the environment, such as
casing or cement, with conventional low-frequency transduc-
ers. Conventional low-frequency acoustic sources in this fre-
quency range have low bandwidth, less than 30% ofthe center
frequency, and very large beam spread that depends on the
frequency, such that as the frequency decreases, the beam
spread increases. The generation of a collimated beam
requires a number of conditions to be satisfied, including a
long source array, uniform coupling of all the transducers to
the rock formation around the borehole and knowledge of the
acoustic velocities of the rock formation. In the borehole
environment, these conditions are not often achievable
because of underlying physics constraints, engineering fea-
sibility or operating conditions.

Acoustic beam sources based on a non-linear mixing of
acoustic waves have been proposed for general applications
in fluid media, such as underwater sonar, since the 1950s. For
subsurface applications, U.S. Pat. No. 3,974,476 to Cowles
discloses an acoustic source for borehole surveys. The dis-
closure of Cowles describes an acoustic source generation
device, for example, a device that is capable of the generation
of'a 1 kHz frequency beam by mixing two frequencies around
5 MHz in a borehole environment violates basic physical
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principles. A typical wireline logging tool has a diameter of
354 inch (9.2 cm), while the wavelength of a 1 kHz wave ina
typical fluid of 1500 m/s is 1.5 m. This represents close to 10
times the borehole diameter. This 1 kHz acoustic wave cannot
stay collimated without violating the basic uncertainty prin-
ciple of wave diffraction physics. Moreover, the mixing of 5
MHz frequencies to generate a 1 kHz wave represents a
step-down frequency ratio of 5000:1, which has not been
demonstrated to be achievable in practice.

SUMMARY

In accordance with some aspects of the present disclosure,
amethod of generating a collimated beam of acoustic energy
in a borehole is disclosed. The method can include generating
a first acoustic wave at a first frequency; generating a second
acoustic wave at a second frequency different than the first
frequency, wherein the first acoustic wave and second acous-
tic wave are generated by at least one transducer carried by a
tool located within the borehole; transmitting the first and the
second acoustic waves into an acoustically non-linear
medium, wherein the composition of the non-linear medium
produces a collimated beam by a non-linear mixing of the first
and second acoustic waves, wherein the collimated beam has
a frequency based upon a difference between the first fre-
quency range and the second frequency, and wherein the
non-linear medium has a low velocity of sound between 100
/s and 800 m/s.

In accordance with the method, the non-linear medium can
have a nonlinearity parameter beta (f3) between 2 and 50 and
can have a quality factor Q greater than 30. The non-linear
medium can include a mixture of liquids, a solid, a granular
material, embedded microspheres, and/or an emulsion. The
collimated beam can have a frequency range that is between
15 kHz and 120 kHz. The first frequency and/or the second
frequency can include a range of frequencies. The collimated
beam can be transmitted into a material around the borehole,
wherein the material can include rock formation, cement,
and/or casing material. The collimated beam can be reflected
and guided by a movable acoustic mirror.

In accordance with some aspects of the present disclosure,
a wireline or pipe conveyed logging tool positionable within
a borehole, configured to generate and direct a collimated
acoustic beam in a borehole is disclosed. The tool can include
ahousing; at least one transducer, carried by the housing, and
configured to produce a first acoustic wave at a first frequency
and a second acoustic wave at a second frequency different
than the first frequency; and a non-linear medium carried by
the housing, wherein the composition of the non-linear
medium is configured to produce a collimated beam by a
non-linear mixing of the first and second acoustic waves,
wherein the collimated beam has a frequency based upon a
difference between the first frequency and the second fre-
quency, and wherein the non-linear medium has a velocity of
sound between 100 m/s and 800 m/s.

In accordance with the tool, the non-linear medium can
have a nonlinearity parameter beta between 2 and 50 and can
have a quality factor Q greater than 30. The non-linear
medium can include a mixture of liquids, a solid, a granular
material, embedded microspheres, and/or an emulsion. The
collimated beam can have a frequency range that is between
15 kHz and 120 kHz. The first frequency and/or the second
frequency can include a range of frequencies. The collimated
beam can be transmitted into a material around the borehole,
wherein the material can include rock formation, cement,
and/or casing material. The collimated beam can be reflected
and guided by a movable acoustic mirror.
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In accordance with an aspect of the invention, a very com-
pact device, positioned within a well bore, configured to
generate and direct a collimated acoustic beam into materials
and rock formation around a borehole, is disclosed. The
device includes a transducer arranged within a logging tool in
the borehole and configured to receive a first electronic signal
at a first frequency and a second electronic signal at a second
frequency generated by one or more electronic sources and to
produce primary acoustic waves at the first frequency and the
second frequency; and a low acoustic velocity non-linear
material arranged in a transmission path of these primary
acoustic waves in the logging tool and configured to generate
a secondary collimated acoustic beam with a frequency equal
to a difference in frequencies between the first frequency and
the second frequency by anon-linear parametric array mixing
process. The non-linear material can include a mixture of
liquids, a solid, a granular material, embedded microspheres,
and/or an emulsion with suitable properties: low acoustic
velocity, low acoustic attenuation and high resistance to
shock formation.

The device can further include an acoustic mirror config-
ured to reflect the collimated acoustic beam and to steer the
acoustic beam in a given direction into the materials and
formation surrounding the borehole.

The device can further include a first acoustic lens or lens
assembly arranged along a propagation path of the acoustic
beam, configured to alter a beam geometry of the acoustic
beam to control the beam collimation and/or a second acous-
tic lens or lens assembly arranged to compensate for an alter-
ation of the beam radiation pattern due to a geometry of the
interface and acoustic property differences between the bore-
hole and the material surrounding the borehole. Further, the
first acoustic lens assembly can be a converging lens to
improve the beam collimation and the second acoustic lens
assembly can be a diverging lens, wherein the diverging lens
can be arranged to compensate for the effect on the propagat-
ing beam of a cylindrical borehole-formation interface.

The device can further include a receiver or a receiver array
arranged in the borehole and configured to receive the acous-
tic beam after the acoustic beam has altered as a result of a
characteristic ofthe formation, wherein the acoustic beam has
been altered by being reflected, refracted and/or backscat-
tered by materials and formation surrounding the borehole.

The device can further include a housing configured to
house the transducer and the non-linear material. The housing
can further include any combinations of the acoustic mirror
and one or more lens assemblies. The transducer and non-
linear material can be mounted axially within the logging
tool.

The device can further include a signal encoder configured
to encode the acoustic beam with a time-varying code by
introducing a time-varying component including one or more
of frequency chirping or frequency sweep to one of the first
and the second signals.

The device can further include an electronic pulse genera-
tor configured to feed the transducer two electrical pulses of
first and second frequencies to generate two acoustic beam
pulses in a non-linear mixing medium in order to produce a
secondary short duration acoustic pulse that propagates from
the device as a collimated beam.

In accordance with an aspect of the invention, a method of
generating a collimated acoustic beam with low frequency
and broad bandwidth in a very small spatial volume, which is
located within a logging tool in a borehole, and directing the
beam into materials and rock formation surrounding the bore-
hole is disclosed. The method includes producing a first
acoustic wave at a first frequency bandwidth and a second
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acoustic wave at a second frequency bandwidth by a trans-
ducer located within the logging tool and transmitting the first
and the second primary acoustic waves into a non-linear
medium with low acoustic velocity that is arranged within the
logging tool along a propagation path of the primary acoustic
waves and configured to produce an secondary collimated
acoustic beam by a non-linear mixing process, wherein the
secondary collimated acoustic beam propagates through the
non-linear medium in a same direction as an initial direction
of the first and second acoustic waves and has a frequency
bandwidth equal to a difference in frequencies between the
frequencies of the first and the second primary acoustic
waves.

The method can further include altering the beam geom-
etry to improve collimation of the acoustic beam within the
logging tool by a first acoustic lens arranged along a trans-
mission path of the acoustic beam and/or compensating for an
alternation of the beam geometry attributable to a character-
istic of the borehole and maintaining an approximately colli-
mated beam within the earth by a second acoustic lens. More-
over, the method can further include reflecting and guiding
the acoustic beam in a given direction by an acoustic mirror.
Further, the method can further include receiving the acoustic
beam in the borehole by a receiver after the acoustic beam has
altered as a result of a characteristic of the formation.

The method can further include exciting the transducer by
a fixed, high frequency signal and a chirped frequency signal;
producing one or more high frequency acoustic beams;
receiving the one or more high frequency acoustic beams;
generating a fixed frequency tone burst and a chirp having a
same duration as the fixed frequency tone burst, wherein the
fixed frequency tone burst is equal to the difference in fre-
quency between the high frequency signal and the chirped
frequency signal by the non-linear mixing process in the
non-linear material. The fixed, high frequency signal can be
between 250 kHz and 1.5 MHz and the chirped frequency
signal can be chirped such that the difference between the
fixed and chirped frequency is between 3% to 20%.

The method can further include producing a first pulse
having a first central frequency and a first bandwidth spread
and a second pulse having a second central frequency and a
second bandwidth spread by the transducer; transmitting the
first pulse and the second pulse in the non-linear material; and
generating an acoustic beam pulse with a central frequency
equal to the difference in frequency between the first central
frequency and the second central frequency and a bandwidth
spread equal to the sum of the first bandwidth spread and the
second bandwidth spread by the non-linear material by the
non-linear mixing process.

In accordance with an aspect of the invention, a system for
imaging properties of the formation and other materials sur-
rounding a borehole is disclosed. The system includes a com-
pact low frequency acoustic source assembly and beam con-
ditioning device within a logging tool conveyed in a borehole
that directs a collimated acoustic beam out of the logging tool
into the surrounding well bore and thence to the formation or
casing and cement, such that some of the radiated energy
returns to the well bore by a combination of reflection, refrac-
tion and scattering, an array of receivers, and the software and
hardware necessary to control the beam direction and opti-
mize its properties, record the received signals, and transform
the recorded data to create images of the formation and other
materials surrounding a borehole that may be interpreted to
yield information about the volume surrounding the borehole.

The system further includes the generation of transmitted
signals optimized in duration and frequency content for the
imaging requirements of the application in question and the
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selection the dimensions and configuration of the beam gen-
eration and conditioning assembly and the receiver array to
optimize system performance according to required applica-
tion, and in particular the radial depth of investigation.

In accordance with an aspect of the invention, the system in
paragraph 21 and 22 records data to be processed with imag-
ing algorithms to generate 2D images of properties of the
formation and other materials surrounding along the borehole
axis for every azimuth direction similar to 2D reflection sur-
face seismology. The system can further provide a scan of the
2D images for 360 degree azimuth direction. The set of
scanned azimuth 2D images can subsequently stacked and/or
processed with advanced imaging algorithms to provide a full
3D image of properties of the formation and other materials
surrounding along the borehole axis.

The system may further include optimizing the processing
algorithms and display of the resulting images such that the
information that they contain about the properties around the
well bore is readily evident to the user of the data.

In accordance with some aspects of the disclosure, wireline
or pipe conveyed logging tool positionable within a well bore
is disclosed. The tool includes (a) an ultrasonic transducer
constructed and arranged to be placed in a borehole, the
transducer configured to be excited by two simultaneous but
not identical transient electrical signals of duration between
20-200 microseconds, with a first signal at a first frequency
between 250 kHz and 1.5 MHz and a second signal at a
second frequency between 300 kHz and 1.5 MHz, that pro-
duce first and second acoustic waves at the first frequency and
the second frequency, respectively; (b) an acoustically non-
linear material having a length between 3 and 12 inches
arranged along a transmission path of the transducer that
allows nonlinear mixing of the two acoustic waves generated
by the transducer to produce a transient acoustic beam of the
same duration as the original excitation signals with a fre-
quency corresponding to the difference in instantaneous fre-
quencies between the first frequency and the second fre-
quency, the acoustic beam having a frequency between 15 and
120 kHz.

The tool can be configured such that the electrical signals
are encoded by introducing a time-varying component
including one or more of frequency chirping or frequency
sweeps to one or both of the signals. Moreover, the tool can be
configured such that the acoustic beam has the frequency
between 15 and 120 kHz. Further, the tool can be configured
such that the tool is arranged to maintain a level of collimation
of the acoustic beam that depends on a mixing length in the
nonlinear material and produce the acoustic beam such that
the acoustic beam exits the nonlinear material, and continues
to propagate through a medium in which the tool is immersed.

These and other objects, features, and characteristics of the
present invention, as well as the methods of operation and
functions of the related elements of structure and the combi-
nation of parts and economies of manufacture, will become
more apparent upon consideration of the following descrip-
tion and the appended claims with reference to the accompa-
nying drawings, all of which form a part of this specification,
wherein like reference numerals designate corresponding
parts in the various Figures. It is to be expressly understood,
however, that the drawings are for the purpose of illustration
and description only and are not intended as a definition of the
limits of the invention. As used in the specification and in the
claims, the singular form of “a”, “an”, and “the” include
plural referents unless the context clearly dictates otherwise.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a generalized diagram of an example device
for producing the collimated beam in accordance with an
aspect of the disclosure.
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FIGS. 2a, 2b and 2¢ show different modes of generating a
difference frequency through a non-linear process in accor-
dance with aspects of the disclosure.

FIGS. 3a and 35 show comparisons of experimental results
and theoretical predictions of the non-linear mixing in water
in terms of the amplitude of the collimated beam and axial
(z-direction) position.

FIGS. 4a and 4b show experimental results of the non-
linear mixing in water as the non-linear medium in terms of
the amplitude of the collimated beam at various excited fre-
quencies and axial (z-direction) and lateral (x-direction) posi-
tions.

FIGS. 5a and 56 show an aspect of the disclosure where the
collimated beam is produced by a chirp burst.

FIGS. 6a, 65 and 6¢ show an aspect of the disclosure where
the collimated beam is produced by a chirp burst.

FIGS. 7a,7b and 7¢ show an aspect of the disclosure where
the collimated beam produced by the non-linear mixing pro-
cess using a CNC foam block.

FIG. 8 shows an aspect of the disclosure where the colli-
mated beam produced by the non-linear mixing process using
a CNC foam block transmitted through an enclosed alumi-
num pipe.

FIG. 9 shows an aspect of the disclosure where the colli-
mated beam produced by the non-linear mixing process using
the 310M ceramic block as the non-linear material.

FIG. 10 shows an aspect of the disclosure where the device
is used to characterize formations and/or materials near the
borehole.

FIG. 11 shows the corresponding axes of rotation of the
acoustic beam guide in accordance with an aspect of the
disclosure.

FIG. 12 shows an aspect of the disclosure where the colli-
mated beam, produced by the non-linear mixing process
using the 310M ceramic block as the non-linear material,
penetrates a metal pipe casing.

FIGS. 13a and 135 show an aspect of the disclosure where
the collimated beam after steering with an acoustical mirror
exits the metal pipe casing.

FIG. 14 shows an aspect of the disclosure where the device
is used with or without an acoustic focusing system to look
straight down a borehole.

FIGS. 15a, 156 and 15¢ show an example experimental
set-up and results of the imaging of an object outside the pipe
in accordance with an aspect of the disclosure.

FIG. 16 shows the dimensions of a very compact source
device, with transducers and a chamber of low acoustic veloc-
ity (646 m/s) non-linear mixing fluid such as Flourinert
FC-43, capable of generating a collimated acoustic beam with
bandwidth of 20-120 kHz in accordance with an aspect of the
disclosure.

FIG. 17 shows the comparison of collimated radiation
characteristic of the acoustic beam generated by the very
compact device in FIG. 16 versus diffused radiation charac-
teristic of the acoustic waves generated from a conventional
transducer.

FIG. 18 shows the pulse wave train, frequency spectrum
from 50 to 150 kHz and the radiation characteristic of the
beam acoustic pulse generated by the compact device in FIG.
16.

FIGS. 19a and 196 show a schematic of the axially
mounted source, acoustic lens and mirror sub-assembly
showing beam steering and focusing by mirror and lens sub-
assembly to maintain collimation of acoustic beam inside the
device and in the materials and formation surrounding the
borehole.
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FIG. 20 shows schematic of a prototype device incorporat-
ing the source, acoustic mirror and lens, and receiver array.

FIGS. 21a and 215 show an example of a system in which
laboratory experiments for the operation of the arrangement
of FIG. 20 were performed.

FIG. 22 shows a signal detected by each of the receivers in
the array for the fixed source location with the beam oriented
at constant azimuth and inclination direction of the arrange-
ment of FIG. 21.

FIG. 23 shows a multi-azimuth panel display covering 35
to 145 degrees of azimuth for the arrangement of FIG. 21

FIG. 24 shows an image created by plotting the signal from
the same receiver at increments of five degrees over a range of
110 degrees of azimuth.

DETAILED DESCRIPTION

FIG. 1 shows a generalized diagram of the device for
producing the collimated beam in accordance with an aspect
of the invention. In some embodiments, one or more sources
110 are used to produce a first signal at a first frequency and
a second signal at a second frequency. By way of a non-
limiting example, the signals can be produced by a 2-channel
signal generator. Similar signal or function generators may be
used. The signals from the sources are received by one or
more signal amplifiers 120 and are transmitted to one or more
transducers 130 that are used to generate acoustic waves at the
first and the second frequencies. The first and second frequen-
cies can be broadband having a frequency range including a
central frequency with some frequency spread about the cen-
tral frequency. Piezoelectric transducers are one type suitable
for this application. If more than one transducer is use, they
can be arranged in an array configuration. By way of non-
limiting examples, the array configuration can be linear, cir-
cular, a filled circle or a square array. The transducers within
the array are divided into two groups, wherein the first group
of transducers is driven by a source at the first frequency and
the second group of transducers is driven by the source or by
a different source at the second frequency. In some aspects of
the invention, the source configured to generate the first fre-
quency and the source configured to generate the second
frequency drive all the transducers simultaneously. By way of
anon-limiting example, the first frequency is 1.036 MHz and
the second frequency is 0.953 MHz.

The acoustic signal is transmitted through a non-linear
material 140 to generate a collimated acoustic beam by way
of a non-linear mixing process. The non-linear material can
be a liquid, a mixture of liquids, a solid, a granular material
embedded in a solid casing, embedded microspheres, or an
emulsion. By way of a non-limiting example of such a non-
linear material is 310M ceramic foam sold by Cotronics of
Brooklyn, N.Y., which is composed of over 99% pure fused
silica ceramic and provides low thermal expansion and con-
ductivity, high thermal shock resistance and high thermal
reflectance. 310M has a density of 0.80 g/cm® and a speed of
sound of 1060 my/s. Another non-limiting example of the
non-linear material is a urethane foam board material. This
type of foam is typically used for Computer Numerically
Controlled (hereinafter, “CNC”) machining. The CNC foam
has a density 0f0.48 g/cm® and a speed of sound of 1200 n/s.

The non-linear material 140 can be further be a material
with high non-linearity, low acoustic velocity, low acoustic
attenuation and high resistance to shock formation such that a
highly collimated beam can be generated from a very com-
pact source. Depending on the operating conditions in the
borehole, other non-linear materials with suitable low sound
velocity, high non-linear coupling, absorption length, shock
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wave length, temperature and pressure operating ranges and
be selected to minimize the size of the mixing volume, as well
as to meet other requirements required by operability speci-
fications.

The dimensions and performance of the collimated beam
source depend inter alia on certain properties of the non-
linear material, and some limits on these may be defined. The
non-linear parameter beta can be between 2 and 50. By way of
example, beta for most liquids range between 2 and 10.
Higher beta can be obtained from other solids materials. In
some aspects, the beta can be 200 or higher for non-fluid
non-linear materials. The sound velocity for non-linear lig-
uids can be between 450 m/s and 1700 nv/s at ambient con-
ditions. In some aspects, the sound velocity of non-linear
materials can be between 100 m/s and 800 m/s. Q or quality
factor values tend not to be a limiting factor in liquids and can
range from 280 for Dow Silicon Oil to tens of thousands for
common liquids. In some embodiments, Q may be at least 30.

This non-linear behavior may be characterized through the
analysis of the properties of P-waves resulting from the non-
linear mixing phenomenon in which two incident waves at
two different frequencies, f; and f,, mix to generate third
frequency components at the harmonics and intermodulation
frequencies f,—f|, f,+f}, 2f, and 2f,, etc. In an aspect of the
invention, the non-linear collinear mixing phenomenon is
designed to occur in the non-linear material inside the well-
bore. In general, only the resulting third wave of difference
frequency f,-f, is of interest to this application. The higher
frequencies only propagate a short distance and tend to be
absorbed in the non-linear material itself.

The reflected, refracted and scattered acoustic energy is
received by one or more receivers 150 located in either the
same borehole where the collimated beam is produced or
another borehole. For example, the one or more receivers can
include one or more acoustic transducers, one or more hydro-
phones or another type of receiver or receivers suitable for the
frequency range of interest. The received signal can be fil-
tered by band-pass filter 160 and amplified by a pre-amplifier
170. The filtered and amplified signal can be displayed on a
digitizer, such as a digital oscilloscope 180. The digital oscil-
loscope 180 can be controlled by a computer 190. The com-
puter 190 can also be used to control the signal generator 110.

FIGS. 2a,2b and 2¢ show different modes of generating the
difference frequency in a non-linear material. The notations f,
f, and f, refer to high frequency signals. The signals received
from the source 110 and the power amplifier 120 by a trans-
ducer 210, enter a non-linear material 220. After a certain
propagation length, the difference frequency is generated in
the non-linear material 220. FIG. 2a shows the generation of
a difference frequency f,-f,; by applying two different signals
having two different frequencies f; and f, to the same trans-
ducer 210. FIG. 25 shows the generation of a difference
frequency Af by applying an amplitude modulated signal of
frequency f and a modulation of Af. FIG. 2¢ shows the gen-
eration of a difference frequency f,-f, by applying two dif-
ferent signals having a first frequency f; to a first transducer
230 and a second frequency f, to a second transducer 240. The
high frequency beams overlap in the non-linear material and
produce the difference frequency f,-f;.

In accordance with the above, and by way of a non-limiting
example, the first frequency is 1.036 MHz and the second
frequency is 0.953 MHz. The collimated acoustic beam gen-
erated by the interaction with the non-linear material will
have a frequency equal to the difference between the first
frequency and the second frequency. In this example, the
collimated acoustic beam has narrow frequency band with a
clear dominant frequency of 83 kHz. In some embodiments,
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the collimated acoustic beam can have a relatively broad
frequency range, wherein the first frequency is a single, nar-
row band frequency and the second frequency is swept across
a broader range of frequencies. The first frequency may also
be swept across a broad range of frequencies as well as the
second frequency. In either case, the first frequency, the sec-
ond frequency, or both can be a coded signal or an uncoded
chirp. One benefit of coding the signal is signal to noise ratio
improvement.

In some embodiments, the collimated beam is encoded
with a time-varying code, which can be introduced into either
the first or the second signal, or both. The time-varying code
may include one or more of a variation in amplitude, a varia-
tion in frequency, and/or a variation in phase of the first, the
second, or both the first and the second signals. The received
time-varying code of the collimated beam can be used to
measure a time-of-flight of the beam. Additionally, in some
embodiments, the collimated beam can be broad-band if one
of the primary frequencies is swept through a range of fre-
quencies while the other is fixed. Thus, the resulting third
beam f,—1] will be swept across a wide frequency range.

FIG. 3 shows results of laboratory measurements in rela-
tion to theoretical predictions based on non-linear mixing and
wave propagation theory. Acoustic waves are distorted by the
nonlinear characteristics of the medium through which they
propagate. The nonlinear propagation of acoustic waves can
be modeled via the Khokhov-Zabolotskaya-Kuznetsov
(KZK) equation, which can be solved by a finite difference
approximate scheme. The KZK equation explains various
nonlinear characteristics such as diffraction of sound pres-
sure, attenuation of sound pressure (i.e. absorption), and gen-
eration of a harmonic frequency component (i.e. non-linear-
ity), and models the shape of an acoustic signal as a sound
pressure given such parameters as initial transmission sound
pressure, transducer diameter and transducer array geometry,
propagated distance, and medium. The KZK non-linear para-
bolic equation takes into account the combined effects of
diffraction, absorption, and non-linearity in directive sound
beams. The KZK equation for an axisymmetric sound beam
that propagates in the positive z direction can be expressed in
terms of an acoustic pressure p as follows:

D

azar ~ 2

arr r dr

p _ 00[62;7 lap]

2pocy Or*

where t'=t-z/c, is a retarded time variable, t is time, c, is a
small signal sound speed, r=(x>+y>)"/? is a radial distance
from the z axis (i.e., from the center of the beam), 3%/3r’+(1/
r)3/3r is the transverse Laplacian operator, and p,, is the ambi-
ent density of the fluid. Furthermore, D=p,~*[(T+41/3)+k(1/
¢,~1/c,)] is the sound diffusivity of a thermoviscous medium,
where C is the bulk viscosity, 1 the shear viscosity, K the
thermal conductivity, and ¢, and c,, the specific heats at con-
stant volume and pressure, respectively. The coefficient of
non-linearity is defined by f=1+B/2A, where B/A is the
parameter of non-linearity of the medium. The first term on
the right-hand side of equation (1) accounts for diffraction
(focusing) effects, the second term for absorption, and the
third term for non-linearity of the attenuating medium. Fur-
ther details on the form and use of the KZK model may be
found in Y.-S. Lee, “Numerical solution of the KZK equation
for pulsed finite amplitude sound beams in thermoviscous
fluids,” Ph.D. Dissertation, The University of Texas at Austin
(1993), which is hereby incorporated by reference in its
entirety.
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For the laboratory measurement, the transducer was
excited at 0.953 MHz and 1.036 MHz leading to a collimated
beam having a frequency equal to the difference 1.036 MHz-
0.953 MHz=83 kHz. The collimated beam was produced by
the non-linear mixing process using water as the non-linear
material. FIG. 3a shows the amplitude of the generated beam
for arange of z and x positions of a hydrophone receiver. FIG.
3b shows aplot of the observed axial intensity profile, in good
agreement with theory.

FIG. 4a shows the results obtained by exciting the trans-
ducers at a variety of different frequencies, and thus produc-
ing the collimated beam having a different frequency. The
results are shown as a plot of amplitude as measured by a
voltage, versus a position along the z-axis direction measured
in millimeters. In this laboratory test, collimated beams were
produced having at frequencies of 10kHz, 37 kHz, 65 kHz, 83
kHz and 100 kHz. As can be seen in the figure, the collimated
beams have similar beam profiles along the z-axis direction.
FIG. 45 shows the beam cross section at a distance of 110 mm
from the emitter. In this figure, the amplitude of the beam as
represented by a voltage is plotted against the x-axis direction
as measured in millimeters. The results indicate that the col-
limated beam at a variety of frequencies shows similar highly
concentrated beam cross sections in the x-direction, unlike
waves of the same frequency that would be more spread outin
the x-direction.

As discussed above, the collimated beam can have a rela-
tively narrow frequency range, wherein the one or more trans-
ducers are excited by a source producing a particular fre-
quency, or the collimated beam can have a relatively broad
frequency range. An example of the production of the colli-
mated beam having a relatively broad frequency range is
shown in FIGS. 5a and 556. By way of a non-limiting example,
FIG. 5a shows a chirp signal of finite duration that has a
frequency ranging from 900 kHz to 1 MHz and a burst of a
frequency of 1 MHz. FIG. 56 shows the resultant burst plotted
as an amplitude as represented in voltage versus time in
microseconds.

FIG. 6a shows a series of lateral scans at selected distances
in the z-direction from the transmitter of the beam shown in
FIG. 6b. The selected distances are 10 cm, 20 cm, 30 cm, 40
cm, 50 cm and 60 cm. The plot of amplitude as determined by
voltage versus x-axis distance shows that the beam spread is
small and relatively constant and independent of distance in
the z-direction from the transducer. A frequency spectrum of
the collimated beam is shown in FIG. 6c¢. The figure shows
that the usable frequency range for this particular arrange-
ment is from 20 kHz to 120 kHz. The low end of the usage
frequency range can be as low as 5 kHz and is only limited by
the size of the borehole. Other frequency bands may be used
for the collimated beam including the acoustic logging fre-
quencies that are typically in the kHz range and the borehole
televiewer-type band that are typically in the hundreds of kHz
to MHz range. One benefit of such an arrangement is that the
use of a wide bandwidth chirp signal source in a borehole
would tend to result in an improved signal to noise ratio in
comparison with a non-chirped source. The chirped signal
further may allow for an improved time-delay estimation that
would be beneficial in imaging applications.

FIG. 7a shows the collimated beam produced by the mix-
ing process using the CNC foam block as the non-linear
material. A transducer array 710 is configured to produce
acoustic wave at frequencies of 1.000 MHz and 1.087 MHz.
The transducer array 710 is coupled to the CNC foam 720
where the two acoustic signals mix forming a collimated
beam 730 having a frequency of 87 kHz. The CNC foam
block has an 80 mm aperture from which the collimated beam
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propagated. FIG. 7b shows the amplitude of the collimated
beam in the time domain at a lateral distance of 90 mm
(x-axis) and an axial distance of 20 mm (z-axis). FIG. 7¢
shows the collimated beam in the frequency domain having a
strong peak at 87 kHz.

FIG. 8 is similar to FIG. 7a, but shows the collimated beam
810 generated by the transducer array 820 and CNC foam
block 830 arranged within an enclosure 840. As shown, the
enclosure 840 is an aluminum pipe having an overall length of
323 mm, an internal diameter of 140 mm and an exterior
diameter of 153 mm.

FIG. 9 is similar to FIG. 7a and shows the collimated beam
produced by the non-linear mixing process using the 310M
ceramic block as the non-linear material. A transducer array
910 is configured to produce acoustic signals at frequencies
of 1.353 MHz and 1.440 MHz. The transducer array 910 is
coupled to the 310M ceramic block 920 where the two acous-
tic signals mix forming a collimated beam 930 having a
frequency of 87 kHz. The 310M ceramic block 920 hasa 110
mm aperture from which the collimated beam propagated. As
can be seen in the figure, the collimated beam has side lobes
that extend into the near field region at around a few centi-
meters from the aperture of the ceramic block; however, these
side lobes do not extend into the far field region of the beam.

FIG. 10 shows an aspect of the invention where the device
is used to characterize formations and/or materials near the
borehole. One or more sources 1005 produce signals at a first
and a second frequency. The signals are transmitted to a signal
amplifier or amplifiers 1010 that are configured to increase
the power of the signals. The signals modified by the amplifier
1010 are transmitted to one or more transducers 1015 that are
configured to generate acoustic waves at the first and the
second frequency. The acoustic waves are transmitted to a
non-linear material 1020, which mixes the waves by way of
the mixing process to produce a collimated acoustic beam
1025.

The collimated acoustic beam 1025 can be steered in a
particular direction by a steering device, such as an acoustic
beam guide 1030. The acoustic beam guide 1030 can be an
acoustic reflector or an acoustic lens. The acoustic reflector
can be a material with different acoustic impedance from the
surrounding medium in which the beam propagates. One
non-limiting example of such an acoustic reflector is metal
plate. The acoustic lens is configured to focus the collimated
acoustic beam at a particular focal point and direction and can
have a concave shape. A Fresnel-type mirror arrangement can
also be used for the acoustic beam guide. The acoustic beam
guide can be rotated into a particular orientation by use of one
or more actuators 1035 coupled to the guide, as shown in
more detail in FIG. 11. In some embodiments, the acoustic
beam guide 1030 may not be used, and the collimated beam
would propagate along the axis of the borehole.

The collimated beam 1040 can be reflected off the guide
1030 and steered to a particular direction toward an object of
interest 1045 near the borehole. Inhomogeneities of the for-
mations, such as object 1045 or an adjacent bed located along
the beam will generate reflection or scattering of the acoustic
beam. In particular, acoustic impedance contrasts due to local
inhomogeneity, planar fractures etc. outside the borehole
cause reflection or scattering of the acoustic beam, some of
which will return to the borehole. In a cased hole, energy is
reflected from the inner wall of the casing, the outer wall of
the casing that may or may not be attached to cement, any
voids in the cement, the cement or fluid interface to the
formation, and any additional concentric casing strings. In an
open hole application, energy is reflected from impedance
boundaries due (for example) to drilling induced formation
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mechanical alteration, fluid invasion, natural fractures, nod-
ules of secondary minerals and bed boundaries. The reflected
and scattered waves 1050 are received by one or more receiv-
ers 1055 in the same borehole (for the case of single well
imaging) or in another borehole (for the case of cross-well
imaging). The receivers 1055 can be coupled to the guide
1030, so that the receivers are configured to receive the
reflected waves 1050 as the guide 1030 moves. The signals
received by the receivers 1055 can be transmitted to process-
ing electronics 1060 for analysis. The processing electronics
1060 can include a computer with appropriate software for
characterizing the rock formation, including producing 2D or
3D images of the formation. The downhole instrumentation is
housed in an enclosure 1065 to permit standard well logging
operations.

In some aspects of the invention, the entire device includ-
ing the transducers 1015, the non-linear material 1020 and
receivers 1055 can be moved up and down the length of the
borehole to image a particular formation near the borehole.
Moreover, the entire device with or without the receivers
1055 can be rotated around the axis of the borehole to image
formations in any azimuthal direction around the borehole.

FIG. 11 shows the corresponding axes of rotation of an
acoustic beam guide 1105. The direction of the collimated
beam is steered by selectively controlling the azimuth of the
guide by rotation around the guide axis 1110, and the incli-
nation 1115, the angle between the plane of the front of the
guide and the guide axis. By use of actuators (not shown) the
plane of the guide can be effectively controlled in azimuth and
inclination. The actuators can thus be used for steering or
changing the direction of the collimated beam.

FIG. 12 shows the collimated beam, produced by the non-
linear mixing process using the 310M ceramic block as the
non-linear material, penetrating a metal pipe casing. A trans-
ducer array 1205 is configured to produce acoustic signals
having frequencies of 1.000 MHz and 1.087 MHz, for
example. The transducer array 1205 is coupled to the 310M
ceramic block 1210 where the two acoustic signals mix form-
ing a collimated beam 1215 having a frequency of 87 kHz,
which propagates through the metal pipe casing 1220. The
transducer array 1205 can be rotated around the longitudinal
axis of the borehole to image a formation around the bore-
hole. The reflected or backscattered beam from the formation
can be received by one or more receivers (not illustrated) in
the borehole or in another borehole. The receivers can be
coupled to the transducer array 1205 to rotate in a similar
manner such that the reflected or backscattered beam is
received by the receivers. As can be seen in the figure, the
beam maintains its collimation after exiting the metal pipe
casing 1220.

FIGS. 13a and 136 show the collimated beam after steering
with an acoustical mirror and exiting the metal pipe casing.
FIGS. 13a and 135 are similar to FIG. 12, with the difference
that the non-linear material (water in this case) is producing
the non-linear beam along the pipe and the beam is steered out
of the pipe perpendicular to the initial propagation direction
with the help of an acoustical mirror plate. A transducer array
1305 is configured to produce acoustic signals having a fre-
quency of 0.953 MHz and 1.036 MHz, for example. The
transducer array 1305 is coupled to a non-linear material
(water) 1310 where the two acoustic signals mix forming a
collimated beam 1315 having a frequency of 83 kHz, which
reflects from the acoustical mirror 1320 and propagates
through the metal pipe casing 1325. As can be seen in the
figure, the beam maintains its collimation after exiting the
metal pipe casing 1325, and can be easily steered by rotating
the acoustical mirror in such a way that the angle of incidence
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of the collimated beam is changed. FIG. 135 shows the beam
steering that results when the mirror 1320 has been rotated.

FIG. 14 shows an aspect of the invention where the device
is used with an acoustic focusing system. One or more
sources 1405 produce signals at a first and a second fre-
quency. The signals are transmitted to a signal amplifier or
amplifiers 1410 that are configured to increase the power of
the signals. The signals modified by the amplifier 1410 are
transmitted to one or more transducers 1415 that are config-
ured to generate acoustic signals at the first and second fre-
quencies. The acoustic signals propagate to a non-linear
material 1420, which mixes the signals by way of the mixing
process to produce a collimated acoustic beam 1425.

In some embodiments, the collimated acoustic beam 1425
is incident on an acoustic focusing system 1430. The colli-
mated beam tends to have a certain beam spread, which
increases as the beam propagates through the enclosure (i.e.,
pipe). This beam spread means that at a certain distance from
the beam origin, the beam will interact with the walls of the
enclosure, which tends to produce undesirable effects. The
acoustic focusing system 1430 reduces this interaction of the
beam and the enclosure walls by focusing the beam, and thus
reducing the beam spread. The focusing need not reduce the
beam profile to a point, but merely produce a well defined
beam that is not distorted or attenuated due to the reflections
from the walls of the enclosure, such that the beam profile
does not spread too much angularly. One non-limiting
example of the acoustic focusing system 1430 is a Fresnel
lens made of Plexiglass or other materials that when appro-
priately shaped reduces the beam spread. The acoustic focus-
ing system 1430 can include a variety of materials including
a chamber filled with a liquid of different sound speed than
the non-linear material in the enclosure, where the chamber is
properly shaped, either convex or concave depending on the
liquid sound speeds. In general, any material that is reason-
ably matched in acoustic impedance with that of the non-
linear material in the enclosure can be used as the acoustic
focusing system 1430.

In some embodiments, the acoustic focusing system 1430
is not used when the beam 1425 produced by the non-linear
mixing in the material 1420 is sufficiently well-defined and
does not spread too much angularly. In this case, the beam
1425 exits the material 1420 without having been further
modified.

A housing or enclosure 1435 is configured to house and
support the transducers 1415, the non-linear material 1420,
the acoustic focusing system 1430, and one or more receivers
1440. The focused acoustic beam is directed along the axis of
the housing 1435 and is reflected or scattered from an object
of interest 1445. The object 1445 can include inhomogene-
ities in the rock formation such as invaded zones, the cement
bond with casing, damaged zones, fractured zones, strati-
graphic layering (particularly at high apparent dip, i.e., for
high angle wells in relatively low dip formations). The receiv-
ers 1440 are configured to receive the reflected or scattered
signal 1455 and the signal is processed by processing elec-
tronics 1450.

FIGS. 15a, 156 and 15¢ show an experimental set-up and
results of the imaging of an object outside of the pipe in
accordance with an aspect of the invention. FIG. 15a shows
the experimental set-up that is similar in design to FIG. 10,
wherein a source transducer 1505 is configured to generate
acoustic signals and is coupled to a non-linear material 1510
that is configured to produce a collimated acoustic beam 1515
by a non-linear mixing process. The source transducer 1505
can be driven by a source generator and a power amplifier
(both not shown). An enclosure 1520, such as a cylindrical
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housing, is configured to house the transducer 1505, the non-
linear material 1510, as well as an acoustic beam guide 1525,
and one or more receivers 1530. The collimated acoustic
beam 1515 is directed out of the enclosure 1520 by the acous-
tic beam guide 1525. By way of non-limiting example, in this
arrangement, the acoustic beam guide 1525 is an acoustic
reflector. The reflected collimated beam 1530 is incident on
anobject 1535 outside of the enclosure 1520. The object 1535
can include inhomogeneities in the rock formations such as
invaded zones, the cement bond with casing, damaged zones,
fractured zones, stratigraphic layering (particularly at high
apparent dip, i.e., for high angle wells in relatively low dip
formations). The collimated beam 1540 is received by the one
or more receivers 1550 (either located in the same borehole or
in another borehole) after is has reflected or backscattered
from the object 1535.

In the experimental set-up of FIG. 154, the object was
rotated 360° about an axis 1545 and measurements were
made of the sound intensity as recorded by receivers 1550. In
this set-up, the object 1535 was a solid block of aluminum
with a slightly irregular shape, placed approximately 61 cm
from the pipe wall. Both the pipe and the block were
immersed in water. FIG. 154 shows a polar plot of the mea-
sured reflected intensity and FIG. 15¢ shows a polar plot of
the measured reflection time. In both FIGS. 156 and 15¢, the
cross-section of the aluminum block is shown for comparison
with the measured data. As shown in FIG. 155, there is a large
signal when the face of the block is in a position maximizes
the reflected signal at the receiver. Thus, each peak represents
a face of the block. FIG. 15¢ shows the time-of-flight. As the
block is rotated, the faces come forward and recede, changing
the total distance the sound beam has to propagate. It is
understood that in the borehole configuration, the intensity
image will be obtained by rotation of the device. Thus the
amplitude of the reflected signal represents reflections from
inhomogeneities around the perimeter of the borehole.

The device can be made to be very compact while gener-
ating low frequency collimated beam with broad bandwidth
from 20 to 120 KHz by choosing a non-linear material 140
with low acoustic velocity, high non-linearity, low attenua-
tion and high resistance to shock formation. Depending onthe
operating conditions in the borehole, other non-linear mate-
rials with suitable low sound velocity, high non-linear cou-
pling, absorption length, shock wave length, temperature and
pressure operating ranges may be selected to minimize the
size of the mixing volume, as well as to meet other require-
ments required by operability specifications. By way of
another non-limiting example, the non-linear material can be
FLUORINERT FC-43, which is a trademark for an inert
liquid used for applications in electronics sold by 3M Corpo-
ration of St. Paul, Minn. FLUORINERT FC-43 is a suitable
fluid for acoustic nonlinear mixing due to its low sound speed
(646 m/s) and its high acoustic nonlinear parameter f§ of 7.6.
Other fluids from the Fluorinert family can also be used as
they all have similar physical properties. Fluorinert is stable
from a chemical and thermal point of view, compatible with
sensitive materials and practically non-toxic. Its dielectric
strength is about 10 times higher than air, which results in its
safe use at high excitation powers required in non-linear
acoustic applications. Its usual use is in immersion thermal
cooling for electronic components susceptible to high-tem-
perature damage.

In some aspects, the device includes a transmitter, a high-
frequency transducer, typically designed to operate at around
1 MHz, attached to a fluid-filled container, or mixing volume,
containing a non-linear material, for example a cylinder filled
with Fluorinert FC-43 or a similar inert liquid with low sound



US 8,559,269 B2

15

velocity. The length and width of mixing chamber of the
non-linear material can be very compact and can be as small
as 12 cm by 6 cm as shown in FIG. 16 for beam frequency
range 20-120 kHz. The chamber can be reduced to dimen-
sions of 5 cm by 3 cm if the low end of the beam frequency
range is increased to 50 kHz. The high-frequency transducer
can excited by a fixed frequency and a chirped frequency
signal, for example 1.03 MHz and a chirp 0 0.91-1.01 MHz
(primaries) that generate high-frequency acoustic beams
propagating in the mixing fluid, for example FC-43. Due to
the fluid’s acoustic nonlinear properties, the high-frequency
beams interact to produce the difference frequency and higher
harmonics of the primaries. The primaries and higher har-
monics can be attenuated in the mixing fluid (a property of the
acoustic nonlinear fluid), and only the difference frequency
will propagate further. The difference frequency beam result-
ing from the interaction of primary frequencies cited above is
in the 20-120 kHz range. The combination of low frequency
and narrow beam-width produced by acoustic nonlinear mix-
ing makes the device a suitable candidate for acoustic imag-
ing outside the borehole. Broad bandwidth low frequency
acoustic beam tends to result in lower attenuation compared
with high frequencies, while the narrow collimation may
provide good resolution for acoustic imaging.

Typical conventional piezoelectric and other sound sources
have a narrow bandwidth—a maximum of 30%. So, a device
with a center frequency of 70 kHz would have a frequency
range of approximately 60 to 80 kHz. To obtain this with a
thickness mode piezoelectric disc or slab, the thickness and
the diameter of the material have to be quite large to prevent
the generation of various radial and other modes. The beam
spread would also be very large as shown in the right hand
side display of FIG. 17. Clearly, such a source does not
produce a beam like radiation pattern. A source such as that
shown in FIG. 16, using nonlinear mixing of two frequencies
could emit (for example) a fixed frequency tone burst (f;) and
a chirp (f,) with the same duration and a frequency ranging
from 0.89 to 0.98 of f,. This range is not absolute—the lower
end of the f, range is limited because mixing efficiency dete-
riorates as the frequency difference Af increases with respect
to f;, and the high end because collimation requires a fluid
filled container length of a minimum of about four difference
frequency wavelengths. A fixed frequency f, in the range
from 250 kHz to 1.5 MHz is appropriate for borehole appli-
cations. A fixed frequency f, of 1.03 MHz and £, in the range
described above from about 0.91 to 1.01 MHz would generate
a collimated beam with center frequency of 70 kHz and a
range from 20 kHz to 120 kHz. The left side display of FIG.
17 shows the beams generated by two transducers of similar
(38 and 28 mm diameter respectively), one optimized for 100
kHz operating at 83 kHz, and the other optimized for 1 MHz
emitting electronically mixed signals of 0.953 and 1.036
MHz, generating a difference frequency beam of 83 kHz. The
measurements were made in water. The difference frequency
beam remains collimated at one meter from the source.

In some aspects, a compact source as shown in FIG. 16 can
be used to generate an acoustic pulse with a broad bandwidth
traveling along a collimated beam trajectory. For example,
when two primary Gaussian pulses, one with central fre-
quency f; and bandwidth spread of o, and the other with one
with central frequency f, and bandwidth spread of o,, are
mixed in the chamber containing a non-linear material, a
secondary acoustic pulse with central frequency (f,-f,) and
bandwidth of approximately (o,+0,) is produced. For
example, two Gaussian pulses with central frequency 1.025
MHz and 1.075 MHz both with bandwidth spread of 40 KHz,
were mixed in the chamber to produce an acoustic pulse and
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its corresponding frequency spectrum of 25-150 kHz and
having a collimated trajectory as shown in FIG. 18. Generat-
ing the acoustic pulse along a fixed collimated direction with
the compact device via the parametric array mixing mecha-
nism can be very flexible. The frequencies f; and f, and
bandwidth spreads o, and o, can be controlled electronically
allowing for flexible design and change of the frequency and
bandwidth of the secondary acoustic pulse during measure-
ment operation in borehole and elsewhere.

The collimated beam emanating from the source device
can tend to diverge, and the beam’s collimation can be
improved by placing an acoustic lens or lens assembly
beyond the volume where the primaries frequencies mix to
generate the difference frequency beam. We have used Plexi-
glas®, but any material with low sound attenuation and the
appropriate acoustic impedance may be used.

Insome cases, an impedance contrast between the borehole
fluid and the formation and the cylindrical borehole surface
can cause an alternation of the beam geometry such that the
beam can tend to converge to a focus and then diverge inside
the formation. In this situation, the transformation of the
received signals into images can become complicated. To
compensate for this effect, a second acoustic lens or lens
assembly, such as a diverging lens, can be placed between the
acoustic mirror and the borehole wall, such that the beam
remains more collimated outside the borehole. The purpose
of the second acoustic lens or lens assembly is to anticipate
the converging effect of the wellbore-formation interface that
acts like a cylindrical lens by focusing the beam at a location
in the formation beyond which it diverges. The focusing
effect of the interface depends on the borehole curvature and
the impedance contrast between mud and formation. The
functionality of the first and second lens assemblies to keep
the beam collimated is illustrated in FIGS. 19a and 195.

FIGS. 19a and 195 show an aspect of the disclosure where
the device is used with atwo lens assembly. In particular, FIG.
194 shows both a side and top view of a device including the
enclosure 1601 and the mirror 1625 positioned within the
borehole 1605. FIG. 195 shows both a side and top view of a
device including the enclosure 1601, the converging lens
1610, the mirror 1625 and the diverging lens 1630 positioned
within the enclosure 1601 in the borehole 1605. As described
above, one or more sources (not shown) are configured to
produce signals at a first and a second frequency. The signals
are transmitted to a signal amplifier (not shown) and then are
transmitted to one or more transducers (not shown) that are
configured to generate acoustic signals at the first and second
frequencies. The acoustic signals propagate to a non-linear
material (not shown), as described above, which mixes the
signals by way of the mixing process to produce an acoustic
beam. The components above can be arranged in an enclosure
1601 within the borehole 1605. An acoustic lens 1610, such as
a converging lens, can be arranged along a transmission path
of'the acoustic beam, i.e., but not limited to, near the exit face
of the enclosure 1601, and/or in communication with the
mixing volume/non-linear material, either directly or indi-
rectly via an interface, to alter a beam geometry of the acous-
tic beam. For example, the beam geometry of the acoustic
beam produced by the sources can be altered so that the beam
1620 refracted by the acoustic lens 1610 is more collimated
that the beam that exited the enclosure 1601. Beam 1620 can
be reflected off an acoustic reflector or acoustic mirror 1625
and directed to a second acoustic lens 1630, such as a diverg-
ing lens. The second acoustic lens 1630 can be configured to
compensate for the alternation of the beam geometry pro-
duced by the interaction between the acoustic beam and the
interface between the surface of the wall of the borehole and
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the material surrounding the borehole. The acoustic mirror or
lenses can be arranged to rotate by one or more actuators or
motors 1635. For example, the diverging lens can be a cylin-
drical lens that is configured to counteract the converging
effects on the beam caused by the curvature of the borehole.
The acoustic beam can then refracted by the second acoustic
lens 1630 and directed outside the borehole 1605. The first
and the second acoustic lens 1610 and 1630 can be a Fresnel
lens made of Plexiglass or other suitable materials having a
low sound attenuation and the appropriate acoustic imped-
ance and that when appropriately shaped modifies the beam
by either converging or diverging the beam depending on the
particular arrangement of the lens.

The acoustic reflector or acoustic mirror 1625 and the
second acoustic lens 1630 can be rotated about a longitudinal
axis of the borehole 1605 to generate one or more circumfer-
ential images of the formations outside the borehole. Addi-
tionally, the inclination of the mirror with respect to the
borehole axis can be controlled to alter the angle of incidence
of the beam at the borehole wall.

The external dimensions of logging tools determine the
range of hole sizes in which they can operate. A device with
an operating frequency range of 20 to 120 kHz, using FC43 as
the non-linear material, could be built with a diameter of
about four inches, making it usable in borehole diameters of
six inches and above. Larger devices generating more pow-
erful collimated beams, and operating at lower frequencies
could be used in larger diameter boreholes. A scaled down
device operating at higher frequencies could be lowered
through production tubing for service in completed wells.

Acoustic impedance contrasts due to local inhomogeneity,
planar fractures etc. outside the borehole cause reflection or
scattering of the acoustic beam, some of which will return to
the borehole. In a cased hole, energy is reflected from the
inner wall of the casing, the outer wall of the casing that may
or may not be attached to cement, any voids in the cement, the
cement or fluid interface to the formation, and any additional
concentric casing strings. In an open hole application, energy
is reflected from impedance boundaries due (for example) to
drilling induced formation mechanical alteration, fluid inva-
sion, natural fractures, nodules of secondary minerals and bed
boundaries.

A system using the source device described above and
receivers to detect scattering energy from outside the bore-
hole for 3D borehole reflection seismology to create a 3D
dimensional image of the earth surrounding the borehole is
shown in FIGS. 194, 196 and 20. The system comprises the
acoustic source with rotatable mirrors, such as reflector 1625,
and lenses, such as lenses 1610 and/or 1630, that are rotatable
through one or more actuators/motors 1635 and which can be
mounted within the logging tool and a receiver array 1640,
which are mounted along the tool placed in the borehole to
detect the reflection signal. The entire system can be moved
up and down the borehole as in 2D reflection surface seismol-
ogy. Rotating the mirror causes the beam from the parametric
array source to scan the borehole circumference in azimuth to
obtain a full 3D image around the borehole. Tilting the mirror
alters the inclination of the beam from the parametric array
source and repeating the azimuth scan will create another full
3D image. The set of multiple 3D images provide redun-
dancy. The set of multiple 3D images can be appropriately
combined to improve the definition of the overall 3D image
definition with signal processing techniques.

Apparatus for laboratory experiments to demonstrate the
operation of the measurement system described above are
shown in FIGS. 21a and 225. In particular, FIG. 21a shows a
plan view of a proposed vertical cut in a barrel and FIG. 225
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shows a cross-section showing components and dimensions
ofthe various components of the apparatus. In FIG. 21a, a 146
mm diameter Plexiglas pipe 2105 was centered in a plastic
barrel 2110 and the intervening annulus filled with cement.
The barrel shell was then removed and a 45 degree wide, 50
mm deep channel excavated along the length of the cylinder.
A 180 mm diameter circular hole with a similar depth was cut
on the opposite side. In FIG. 224, an axially mounted trans-
mitter assembly 2115, acoustic mirror 2120 and array of 12
receivers 2130 were arranged along the length of the barrel
2110. The transmitter signal was first recorded in a water
trough.

Reflection data were recorded by several receivers in the
array from one source with one azimuth and one inclination at
one transmitter location with the apparatus shown in FIGS.
21a and 21b. This data are commonly known as multi-offset
data in seismic industry. The received signals were correlated
with the chirped beam signal and a deconvolution of the
source signal was subsequently performed in accordance of
standard signal processing theory. The resulting deconvolved
signal is shown in FIG. 22. This would correspond to an offset
panel display in surface seismology. Various direct linear
arrivals of propagation along the borehole walls and reflec-
tions from the outer walls are visible.

The experiment was repeated for multiple azimuths in five
degree increments and the example results are displayed in
offset displays for multiple azimuths in FIG. 23. The figure
shows a sequence of displays of multiple azimuth offset pan-
els covering 35 to 145 degrees of azimuth. The x-axis is scaled
in trace number and each offset panel has 12 traces with
consecutive panels correspond to five degrees increment. The
reflection signals from outside the borehole are visible in
various azimuth sections. The travel time of the reflection
signals clearly show variation in arrival times corresponding
with the variability of the dimension of the outside wall.

The same data can be re-sorted to display the detected
signal for a single source receiver spacing, commonly known
in seismic industry as offset spacing, versus azimuth as shown
on FIG. 24. The geometric image of the groove is quite
evident in the figure. The experiment can be repeated with
different source beam inclination to provide more directional
scanning and redundancy to improve the image.

The 3D borehole seismic reflection data collected by the
described system can be processed through various imaging
algorithms adapted from standard 3D imaging. For example
each time the source radiates energy into one orientation of
the mirror, the illuminating wavefield is characterized by the
directivity of the source/mirror system and the Green’s func-
tion between the source and any point inside the borehole
and/or formation. The reciprocal path from receiver to any
point inside the borehole/formation may be similarly consid-
ered as the combination of a directivity function and a
Green’s function. The modeled response from any point in
the medium due to a particular source and receiver is the
convolution of those source and receiver functions. At any
point in the medium, the image contribution from each
source/receiver pair is taken as the value of the zero-lag from
the cross-correlation of the modeled response function with
the recorded data. This particular system has certain geo-
metrical features which may be exploited, such as replacing
the source and mirror with a virtual source radiating through
a mirror shaped aperture and exploiting cylindrical symme-
try.

The recordings of the received waveforms are processed to
generate an image of the reflection or transmission character-
istics of the formation. The propagation direction of the beam
and the time-of-flight may fix the locations where scattered
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waves are generated, distinguishing this device from normal
sonic imaging techniques using conventional non-directional
monopole and dipole sources. An associated effect of using a
beam compared with conventional sources is that the compu-
tation of an image of formation acoustic properties may not
require a detailed specification of the rock formation’s veloc-
ity field. The propagation direction of the beam and the time-
of-flight measurement simplify and improve the ability to
identify the location where the waves are reflected or scat-
tered. In particular, the knowledge of the orientation of the
beam exiting the tool localizes the sources of recorded scat-
tered waves along the beam direction, and the time delay
localizes the position of scattered sources along the beam
path. Thus, the borehole imaging with a beam source may
present a simplification and reduction in uncertainty of the
final time image in contrast to conventional (not beam)
sources which require an accurate detailed velocity model for
computation ofthe 3D image. Furthermore, because the beam
is focused and steerable, in azimuth and inclination with
respect to the borehole, the imaging would tend to have higher
resolution than obtained with a conventional (not beam)
source. The method allows for detailed imaging of features
including invaded zones, cement bonding with casing, dam-
aged zones, fractured zones, stratigraphic layering particu-
larly at high apparent dip (the angle between the plane of the
bedding and the plane perpendicular to the tool axis). The
broad band difference beam frequency for the invention
ranges from 1 kHz to 100 kHz. The low end of this frequency
range, also used by some conventional sonic logging tools,
achieves a depth of penetration up to one hundred feet. It is
important to note that, because the beam is broadband and can
be encoded, the signal to noise ratio of the detected signal may
be considerably enhanced after processing and decoding.
Because of the broadband beam characteristics with gener-
ally greater depth of penetration and higher signal to noise
ratio due to encoding, the method also may allow for detailed
imaging and/or characterization of non-linear properties of
rock formation and its fluid contents surrounding the bore-
hole.

The various acoustic beam sources described in detail
above can be used in many applications derived from imaging
around the borehole. For example, the above-described
acoustic beam sources can be used for various evaluation of
natural fractures, mapping of vugs, nodules or other inhomo-
geneities, evaluation of the presence and properties of the
cement sheath between one or more casing strings and the
formation around a cased well, mapping fluid invasion from
the borehole and assessment of the mechanical integrity of the
formation around the wellbore, in particular any alteration
caused by the near wellbore stress concentration. There are
additional applications for the compact source in fields such
as non-destructive testing.

The various configurations described in detail above are for
the purposes of illustration only. Modifications to the con-
figurations can be made for other applications without depart-
ing from the invention. For example, in the Logging While
Drilling (LWD) and pipe conveyed configurations, using
technology that allows the tool to pass through the bottom of
the drill string, the compact acoustic beam generation device
will enable efficient look ahead of the bit resulting in the
detection of over-pressured zones or significant changes in
the rheology of the formation before they are reached by the
drill-bit. Steering of the beam also enables the indirect mea-
surement of the dip and azimuth of reflecting bodies ahead of
the bit. Another application is the detection of fault geometry
ahead of the bit.
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The term “lens,” as used herein, should be understood to
include both refractive and reflective structures and materials
as will be appreciated by those skilled in the art.

Although the invention has been described in detail for the
purpose of illustration based on what is currently considered
to be a variety of useful embodiments, it is to be understood
that such detail is solely for that purpose and that the invention
is not limited to the disclosed embodiments, but, on the con-
trary, is intended to cover modifications and equivalent
arrangements that are within the spirit and scope of the
appended claims. For example, though reference is made
herein to a computer, this may include a general purpose
computer, a purpose-built computer, an ASIC including
machine executable instructions and programmed to execute
the methods, a computer array or network, or other appropri-
ate computing device. As shown in FIGS. 10 and 14, the data
collected by the receivers would undergo some processing
and are either stored in memory in the tool, or transmitted up
hole for further processing and storage. As a further example,
it is to be understood that the present invention contemplates
that, to the extent possible, one or more features of any
embodiment can be combined with one or more features of
any other embodiment.

What is claimed is:

1. A method of generating a collimated beam of acoustic
energy within a logging tool and directing it into a borehole,
the method comprising:

generating a first acoustic wave at a first frequency;

generating a second acoustic wave at a second frequency

different from the first frequency, wherein the first
acoustic wave and second acoustic wave are generated
by at least one transducer carried by a tool located within
the borehole;

transmitting the first and the second acoustic waves into an

acoustically non-linear medium within the logging tool,
wherein the composition of the non-linear medium pro-
duces a collimated beam by a non-linear mixing of the
first and second acoustic waves, wherein the collimated
beam has a frequency based upon a difference between
the first frequency range and the second frequency, and
wherein the non-linear medium has a sound velocity
between 100 m/s and 800 m/s.

2. The method in accordance with claim 1, wherein the
non-linear medium has a nonlinearity parameter beta
between 2 and 50.

3. The method in accordance with claim 1, wherein the
non-linear medium has a quality factor Q greater than 30.

4. The method in accordance with claim 1, wherein the
non-linear medium is selected from the group consisting of: a
mixture of liquids, a solid, a granular material, embedded
microspheres, an emulsion, and combinations thereof.

5. The method in accordance with claim 1, wherein the
collimated beam has a frequency range.

6. The method in accordance with claim 5, wherein the
frequency range of the collimated beam is between 15 kHz
and 120 kHz.

7. The method in accordance with claim 1, wherein the first
frequency comprises a range of frequencies.

8. The method in accordance with claim 1, wherein the
second frequency comprises a range of frequencies.

9. The method in accordance with claim 1, further com-
prising transmitting the collimated beam into a material
around the borehole.

10. The method in accordance with claim 9, wherein the
material is rock formation, cement, or casing, or a combina-
tion thereof.
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11. The method in accordance with claim 9, further com-
prising reflecting and guiding the collimated acoustic beam
by a movable acoustic mirror.

12. A wireline or pipe conveyed logging tool deployed
within a borehole, configured to generate and direct a colli-
mated acoustic beam within the tool, the tool comprising:

a housing;

at least one transducer, carried by the housing, and config-

ured to produce a first acoustic wave at a first frequency
and a second acoustic wave at a second frequency dif-
ferent from the first frequency; and

a non-linear medium carried by the housing, wherein the

composition of the non-linear medium is configured to
produce a collimated beam by a non-linear mixing of the
first and second acoustic waves, wherein the collimated
beam has a frequency based upon a difference between
the first frequency and the second frequency, and
wherein the non-linear medium has a velocity of sound
between 100 m/s and 800 nv/s.

13. The tool in accordance with claim 12, wherein the
non-linear medium has a nonlinearity parameter beta
between 2 and 50.

14. The tool in accordance with claim 12, wherein the
non-linear medium has a quality factor Q greater than 30.

10
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15. The tool in accordance with claim 12, wherein the
non-linear medium is selected from the group consisting of: a
mixture of liquids, a solid, a granular material, embedded
microspheres, an emulsion, and a combination thereof.

16. The tool in accordance with claim 12, wherein the
collimated beam has a frequency range.

17. The tool in accordance with claim 12, wherein the
frequency range of the collimated beam is between 15 kHz
and 120 kHz.

18. The tool in accordance with claim 12, wherein the first
frequency comprises a range of frequencies.

19. The tool in accordance with claim 12, wherein the
second frequency comprises a range of frequencies.

20. The tool in accordance with claim 12, wherein the tool
is configured to transmit the collimated beam into a material
around the borehole.

21. The tool in accordance with claim 20, wherein the
material is rock formation, cement, or casing, or a combina-
tion thereof.

22. The tool in accordance with claim 12, further compris-
ing a movable acoustic mirror configured to reflect and guide
the collimated acoustic beam.

* #* #* #* #*
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Coupled electromechanical modeling of piezoelectric disc
transducers for low-frequency ultrasonic collimated beam
generation.

Vamshi Krishna Chillara?, Cristian Pantea®, and Dipen N. Sinha®

&Acoustics and Sensors Team, MPA-11, Los Alamos National Laboratory, NM, USA 87545.

ABSTRACT

Low-frequency ultrasonic collimated beam generation from radial modes of piezoelectric disc transducers is stud-
ied using a coupled electromechanical finite element approach. First, resonance and vibration characteristics of
the radial modes of the disc transducers are obtained using an eigenfrequency analysis. The vibration patterns
obtained from numerical simulation are compared with those obtained from experiments and are in good agree-
ment. Next, ultrasonic beam profiles in water generated from the radial modes of a piezo-disc are studied. It
was found that a free piezo-disc generates a Bessel-beam with multiple side-lobes. In contrast, clamping the
lateral edges of the piezo-disc results in a well-collimated central beam with reduced side-lobes. This provides
a novel transducer design for low-frequency collimated beam generation for imaging through highly attenuating
materials.

Keywords: Radial modes, Collimated beam, Coupled electromechanical modeling, Bessel beams

1. INTRODUCTION

Collimated beam generation refers to the propagation of a directional beam with no angular spread i.e. without
diffraction in a medium. Durnin' demonstrated that the free-space wave equation supports the existence of non-
diffracting beams called Bessel beams. The electromagnetic field associated with such beams has an analytical
form that corresponds to a Bessel function. Later experimental investigations? demonstrated the existence of
nearly non-diffracting optical beams. Lapointe® presents a review of early experimental investigations pertaining
to the generation and propagation of optical Bessel beams. The above works spurred significant interest into
the study of the acoustic analogs of Bessel beams. Experimental realization of ultrasonic Bessel beams was first
reported in Hsu et al.* They employed a shaped PZT disc that is poled with a non-uniform electric field to
achieve a Bessel-like voltage excitation pattern on the transducer. Campbell and Soloway® proposed an alternate
transducer design for Bessel beam generation. This design employs and annular electrode pattern on the disc
and is excited with a Bessel-like voltage distribution along the radial direction. This typically has been the
transducer design employed for acoustic Bessel beam generation. Ultrasonic Bessel beams were widely employed
for biomedical imaging applications.®® It should be noted that the above investigations employ transducers
that operate in thickness-mode resonance and typically have an operating frequency > 1 MHz. Recently, there
has been an increasing interest” % in the use of radial modes of piezoelectric disc transducers to generate low-
frequency Bessel beams for acoustic particle entrapment and manipulation. To that end, this paper discusses
electromechanical modeling aspects of low-frequency ultrasonic collimated beam generation from radial modes
of piezoelectric disc transducers. First, we discuss the radial mode vibration characteristics of piezoelectric
transducers. Next, we study low-frequency Bessel beam generation from these radial modes. Finally, we present
an approach for side-lobe reduction in Bessel beams generated by radial mode disc transducers.

2. RADIAL MODES OF PIEZOELECTRIC DISC TRANSDUCERS

Consider the schematic of a piezo-disc as shown in Figure 1. For a time-harmonic voltage excitation, various
kinds of resonant modes exist for a disc depending on the frequency of excitation.!! These are radial (R), edge
(E), thickness-shear (TS), thickness-extensional (TE), and high-frequency radial modes.
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Figure 1: Schematic of a piezoelectric disc transducer.

Typical experimental investigations employ piezo-discs operating in thickness-mode (TE) resonance that
mimics a piston source. On the other hand, radial mode resonances are increasingly being employed for a
variety of applications.® !0 Efficient use of these radial modes for practical applications requires a thorough
understanding of their vibration characteristics. Guo et al.'’ and Kocbach!? have investigated the resonance
and vibration characteristics of radial modes of vibration. These radial modes possess annular vibration pattern
that necessary for the generation of low-frequency Bessel beams. Here, we discuss the radial modes of piezo-
disc transducer using coupled electromechanical finite-element analysis. We employed COMSOL Multiphysics!'?
for modeling the piezo-disc transducer. For our study, we chose the material for the piezo-disc to be PZT-5A
(density=7750 kg/m?) with elastic (C), electromechanical coupling (e), and relative permittivity (e,) as given
below. In the corresponding index notation, 1 and 2 denote the directions in the radial plane and 3 denotes the
thickness direction of the disc.

[120.3 75.17 75.09 0 0 0
75.17 120.3 75.09 0 0 0
75.09 75.09 110.86 0 0 0
=1 0 0 2105 0 o | GPa
0 0 0 2105 0
0 0 0 0 0 2257
0 0 0 0 12.947 0
e=1 0 0 0 12947 0 0| C/m®
535 —535 1578 0 0 0
919.1 0 0
=1 0 9191 0
0 0 826.6

The constitutive relations for the piezoelectric material in stress-charge form are given by

T = CS—¢'E
D = eS+e6E (1)

where, T denotes the stress, S denotes the strain, D denotes the electric displacement, ¢y denotes the permittivity
of free space, and E denotes the electric field. First, eigenfrequency analysis is carried out to obtain resonant
frequencies of a PZT-5A disc of thickness T=2.1 mm. Figure 2a shows the resonant frequency curves for the
disc with varying diameter to thickness ratio i.e., D/T. As can be seen, a large number of resonant modes exist
for each D/T ratio. Of interest to this paper are the radial modes at low frequencies, circled in Figure 2a for
% = 23.8. From here on, we present results for the PZT disc with D= 50 mm and T=2.1 mm. Figure 2b shows
the electrical impedance curve for (up to first four radial modes) the PZT-5A disc. The minima in the curve that
correspond to the radial modes are marked RM-(1-4) and the corresponding frequencies are 39.6, 102.5, 161.8,
219.4 kHz. As mentioned earlier, these radial modes possess a natural Bessel-like vibration pattern. Figure 3
shows the normalized out-of-plane displacement pattern on the surface of the disc plotted as a function of the
radial coordinate. Also shown is the Bessel function fit to the displacement i.e., Jo(ar) with a = 343.54m~1!
showing an excellent agreement. While the results presented above are from numerical simulations pertaining to
the radial modes, we compared the mode shapes obtained from both simulation and experiments using a laser
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Doppler vibrometer. Figure 4 shows a 3D plot of the out-of-plane vibration pattern obtained from simulation and
experiment for the first four radial modes. As can be seen, there is a very good agreement between experiment and
simulation. While ideal radial modes are axisymmetric, excitation of a single pure mode in actual experiments
(real-life) is rather difficult and hence the experimental results contain the contribution from non-axisymmetric
modes resulting in azimuthal periodicity. This contribution from non-axisymmetric modes is clearly seen to
increase with increasing frequency.
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Figure 2: (a) Resonant frequency curves and (b) Electromechanical impedance curve for a PZT-5A disc with
D=50 mm and T=2.1 mm.
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Figure 3: Bessel function fit to the out-of-plane displacement (obtained from numerical simulation) on the surface
of the PZT disc.

Next, we investigate the ultrasonic beam profiles in water obtained from radial modes of piezo-disc transduc-
ers.

3. COLLIMATED BEAM GENERATION FROM RADIAL MODES OF
PIEZOELECTRIC TRANSDUCERS

An axisymmetric coupled model for wave propagation is employed to study the ultrasonic beam profiles in
water. The schematic of the model is shown in Figure 5. The radial modes from PZT are coupled to water in the
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Simulation Experiment

Figure 4: 3-D plot comparing the out-of plane vibration pattern from numerical simulation and experiment.

piezoelectric-acoustic interaction considered in Comsol multiphysics. The dashed-line is the axis of symmetry
and all the results that follow are presented as function of the radial coordinate (r) and axial coordinate (z).
First, we present results for Bessel beam generation from radial modes of a free PZT disc transducer. Figure 6
(left panel) shows a snapshot of the beam profile in water for the free disc transducer that corresponds to a Bessel
beam. While the central lobe is collimated, the beam possesses side-lobes resulting in energy spread in other
directions. The presence of the side-lobes results in poor resolution in imaging applications. Next, we present an
approach for side-lobe reduction in Bessel beams generated by radial modes of piezoelectric transducers. Note
that Bessel beam with side-lobes is generated when the lateral edges of the PZT are free. However, when the
lateral edges are clamped /stressed,'®'° the resulting beam has considerable reduction of side-lobes resulting in
the propagation of a well-collimated ultrasonic beam. To illustrate this, numerical simulations are run with the
lateral edges of the PZT clamped i.e., by enforcing a fixed boundary condition. Figure 6 compares the beam-
profiles (on same color-scale) in water for a free PZT and a clamped PZT. Clearly, the clamped PZT produces a
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well-collimated beam with significant reduction in side lobes when compared to the Bessel beam generated from
a free PZT. Also shown in Figures 7a and 7bh are transverse pressure profiles at z= 100 and 300 mm for free and
clamped PZT respectively. The clamped PZT produces a single central lobe that results in a well-collimated
beam. Experimental investigations confirming the above results from numerical simulations are presented in
Chillara et al.'*

100 mm

Water 400 mm

3

PZT

Figure 5: Schematic of the model used to simulate ultrasonic beam profiles in water from PZT.

Free PZT Clamped PZT

==
==

lz. 2N

Figure 6: Beam profiles from free and clamped PZT transducers. (The size of the domain shown is 400 mm X
400 mm)
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Figure 7: Transverse pressure profile from RM-3 for free and clamped PZT at (a) z=100 mm (b) z=300 mm

4. CONCLUSIONS

In this article, we employed electromechanical modeling approach to model piezoelectric transducers for col-
limated beam generation. First, eigenfrequency analysis was employed to identify the modes of vibration of
piezoelectric disc transducers. Vibration characteristics of radial modes of disc transducers were obtained and
confirmed experimentally. Collimated beam generation from radial modes of piezoelectric transducers was in-
vestigated. Bessel beam generation from radial modes of a free piezoelectric disc transducer was demonstrated.
However, Bessel beams were shown to have significant side-lobes that pose some limitations for imaging appli-
cations. Here, we carried out numerical studies for side-lobe reduction in Bessel beams using laterally clamped
piezo-discs. It was found that clamping the lateral edges of the disc results in a well-collimated beam with a
significant reduction in side-lobes.
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'LWK WKH DELOLW\ WR H[FLWH SUHFLVH DUHDV LQ WKH E
WUHDW QH XU R Guhlak Fatkidsofs d dvsEadd, A IHHdiMer’s disease, HVVHQWLD O
WUHPRU GHSUHVVLRQ HWF YLD QRQLQYDVLYH GHHS EUDI

/IRQJ UDQJH XQGHUZDWHU FRPPXQLFDWLRQ

ACCObeam’s versatility also allows easy calibration for various underwater
functions. The beam’s tight collimation makes it an attractive candidate for long UD Q JH
XQGHUVHD FRPPXQLFDWLRQ GHHS VHD LPDJLQJ DQG YLGH
UHGXFHG FKDQFHV RI LQWHUFHSWLRQ



'LUHFWHG VRXQG EHDPV

6RXQG EURDG h&nMiWrbmACEGR@SDELOLWN WR GHOLYHU LQIR
D QDUURZ FRQH WR RQO\ WKH WDUJHWHG DXGLHQFH XQOL
VRXQG LQGLVFULPLQDWHO\ :KHQ XVHG DV DQ XOWUDVRQLF

potentially help millions of blind people across the globe “see”the LU HQYLURQPHQW XV LC(
XOWUDVRQLF KDSWLF IHHGEDEFN

+RZ GRHV WKH SURGXFW RSHUDWH" '"HVFULEH WKH PDWHUL
WKHRULHYV RU PHFKDQLVP RI DFWLRQ

7KLYV QRYHO DSSURDFK WR FROOLPDWHG XOWUDVRQLF EHD
transducer’s PRGHV RI YLEUDWLRQ WKH VR FDOOHG UDGLDO PRG
IUHTXHQF\WKDQ LWV IXQGDPHQWDO IUHTXHQF\ 7KH VKDSH
transducer’s VX UIDFH ZKLFK EHKDYH OLNH FRQFHQWULF ULSSOH
%HVVHO IXQFWLRQV +LVWRULFDOO\ WKHVH YLEUDWLRQ PI
ZKHQ XVHG DV VRXQG VRXUFH EXW RXU WHDP GLVFRYHUHC
FKDQJHV WKH ERXQG DiansdecBRQ 6 L WHORRIW IRHQOQWHKHE @ 7KLV PL
VLGH OREHV WR FUHDWH D VLQJOH EHDP WKDW LV QDUURZ
IUHTXHQF\ RI R\ WKH UHVXOWLQJ VRXQG EHDP LV VLJQLI
LQ D Q\ P FoGnho¥HMetails about our team’s past work on collimated acoustic beam

XVLQJ DSSURDFKHV GLITHUHQW WKDQ WKH RQH SUHVHQWHC
WKH DSSHQGL][ > @ 1RWH WKDW WKLV EUHDNWKURXJK PF
FROOLPDWHG EHDP VLIJQLILFDQWO\ LPSURYHV XSRQ SUHYLI
DQ\ QRQOLQHDU IUHTXHQF\ PL[LQJ PHGLXP

,OOXVWUDWLRQ RI QHHG IRU D VRXQG EHDP WKDW LV |
ILIXUH QRWH WKDW $&&2EHDP GRHV QRW SHQHWUDWH
SUREHVY KRZHYHU VRXUFHV WKDW SUREH GHHSO\ W\SLFI
$&&2EHDP FRPELQHVY WKH EHQHILWY RI JRRG UHVROXWLR
IUHTXHQF\ VRXUFH ZLWK WKH GHHSHU SHQHWUDWLRQ RI

1. Collimated beam for increased resolution 2. Low frequency for deeper penetration

Attenuation ~ f"

‘ f=frequency, n = 1-2
| Low frequency
| deep pene!ration] I )
! [ 'S >

—
Conventional

low-frequency
transducer

Collimated

.
High frequency
beam

limited penetratiol

beam profile

%\ DSSO\LQJ DQ DSSURSULDWH IUHTXHQF\ VLIQDO WR WK
VHOHFWHG QDWXUDO UDGLDO PRGH YLEUDWLRQ RI WKH GL
PHGLD SURGXFHV DQ XOWUDVRQLF EHDP DW WKH H[FLWHG



HIFLWDWLRQ DSSURDFK GRHV QRW UHTXLUH D VHW RI HOHF
FRPSOLFDWHG SDWWHUQHG ORFDOL]J]HG SROLQJ 7KLV PDNFE
GHVLIJQ DQG RSHUDWH DQG SURYLGHYVY DQ DFRXVWLF EHDP
SHQHWUDWLRQ DQG WLIKW FROOLPDWLRQ IRU LQFUHDYV

OHFKDQLVP RWBEKHWHKRIBQUDFWHULVWLFV H J DPSOLWXGH
YLEUDWLRQ PRGHV RI D SLH]JR GLVF DUH LQ WKH IRUP RI D
O9DULRXV RUGHUV H[WHQGLQJ IURP D VLQJOH ULQJ VWUXFV
%HVVHO IXQFWLRQ FDQ EH JHQHUDWHG E\ HIFLWLQJ WKH G
VLPSOH IUHTXHQF\ JHQHUDWRU WKDW DSSOLHV RQO\ D IHZ
PHQWLRQHG LV DFWXDOO\ WKH VKDSH RI WKH ULSSOHV RQ
:KHQ LPPHUVHG LQ D PHGLXP WKH YLEUDWLQJ VXUIDFH JH
LQ WKH PHGLXP UDGLDWLQJ IURP WKH GLVF 7\SLFDOO\ XO
VLGH OREHV WKDW PDNH WKHP XQVXLWDEOH IRU LPDJLQJ
FRQVWUDLQLQJ WKH ODWHUDO HGJHV RI WKH GLVF ZH FDQ
FROOLPDWHG EHDP OHFKDQLFDO FODPSLQJ DOVR GLYHUW\
FHQWUDO EHDP PDNLQJ WKH EHDP PXFK VWURQJHU 7KLV |
EHDP WKDW SHQHWUDWHY GHHSHU LQWR DQ\ PHGLXP 7KLV
SDUDPHWULF DUUD\ D IRUP RI DFRXVWLF VRXUFH WKDW XV
PLILQJ WR JHQHUDWH D FROOLPDWHG EHDP EXW ZLWK DP
PDJQLWXGH ODUJHU

$GGLWLRQDO LQIRUPDWLRQ UHODWHG WR RXU FXUUHQW
SDSHUV FLWHG WKH DSSHQGL][ > @

ODWHULDAXVYHG UHDGLO\ DYDLODEOH OHDG JLUFRQLXP WL
GLVFV EXW DQ\ SLHIRHOHFWULF PDWHULDO FDQ EH XVHG
ODQJDVLWH EDULXP WLWDQDWH HWF

&RQVWUXSFPIORQGULFDO SLHIRHOHFWULF WUDQVGXFHU L
UHODWLYHO\ KDUG PDWHULDO VKRZQ EHORZ OLNH SOHJL.

50 mm

60 mm

52 mm

50 mm

50 mm

Enclosure

/Adhesive
'« layer

= . Piezoelectric
52mm > disk

60 mm




6XSSO\ D PDWUL[ RU WDEOH VKRZLQJ KRZ WKH NH\ IHDWXU |

HILVWLQJ SURGXFWV RU WHFKQRORJLHV 8VH QX
PHWULFV

UHODWLYH VFDOH WR VKRZ D FRPSDULVRQ ,QVHUW WKH

&203%5,621 0%$75,;

3DUDPHWHU $&&2EHDP 6 WD @O®DWD ¥R Q HK B QIR
VRQLF SUREH HHJJ 8%, 3DQRUD
% $56
68&+/80% (5*( $58&+(5
68&+/80% (5*(5
JUHTXHQF N +] N +] RU

&RPPHQMRVZ IUHTXHQF\ LV QHHGHG IRU GHHSHU SHQHWUDW
KDYH D YHU\ ODUJH EHDP VSUHDG ZKLFK GHFUHDVHV UHV
EHDP WKDW LV VWLOO FROOLPDWHG DQG KDV QR VLGH OR

PHULFDO

JRU SULFH DQG FDSLWDO DQG RSHUDWLQJ FRVW

L

LRQ EXW FF
ROXWLRQ 2.
EHV

5HVROXWL PP PP PP

&RPPHQSB&K2EHDP KDV WKH GHHS SHQHWUDWLRQ DGYDQW
WKH VDPH UHVROXWLRQ DV KLIJIKHU IUHTXHQF\VRXUFHV 7
GHODPLQDWLRQV DQG RWKHU GHIHFWY FDQ OHDG WR FDYV

DbJH RI D ORZ
KLYV UHVROX
VDVWURSKLF

&ROOLPDW GHJ GHJ GHJ

&RPPHQXW VRXUFH KDV D YHU\ VLPLODU FROOLPDWLRQ E
HYHQ WKRXJK LW JHQHUDWHV D ORZ IUHTXHQF\ EHDP WKD
VRXUFH 30HDVH QRWH WKH KXJH GLITHUHQFH ZKHQ FRPSI

HDP VSUHDG
W SHQHWUDYV
PUHG ZLWK W

3HQHWUDV
5DQJH

&RPPHQSB&R2EHDP LV FROOLPDWHG DQG KDV D PXFK ORQJ
IUHTXHQF\ VRXUFHV ZKLFK OHDGV WR JRRG XQGHUVWDQ
HQYLURQPHQW $OWKRXJK LW GRHV QRW FXAQWCHRQaWO\ SHQ
FROOLPDWLRQ PHDQV WKDW LW VXUSDVVHV VWDQGDUG S
(ACCObeam’s resolution is WLPHV EHWWHU WKDQ VWDQGDUG VR
$&&2EHDP LV DOVR DGDSWDEOH IRU QXPHURXV RWKHU DS

,PDIJHV WK
YDULRXV H

&RPPHOQWRFRPSHWLQJ VRXUFH FDQ EH XVHG WR LPDJH LQ
ORZ IUHTXHQF\ LW FDQ WUDQVPLW RU UHFHLYH LQ OLTXL

QO\

ULQYHVWLJ
LQJ RI ERWK
WUDWH DV
REHV LQ FU
LF SUREHV
OLFDWLRQV

DVVRUWHG
GV VROLGYV

6L]H 6PDOO FHR

PSDFW

&RPPHQ$R&2EHDP LV VLPLODU LQ VL]H WR KLJK IUHTXHQF
ORZ IUHTXHQF\ VRXUFH ZKLFK PDNHV LW SRUWDEOH HDV
HQYLURQPHQWYV

VRXUFHV E
LHU WR RSHI




S3DUDPHWRHU <RXU SURGXFW W I/QGV B G LFR SRR H
VRQLF SUREH HHJJ 8%, 3DQRUDPD

0
%856 6FKOXPEHYJHBUFKHU

6FKOXPEHUYUJHU

&RVW

&RPPHQ$O/O RWKHU SURGXFWYV DUH RIIHUHG DV D VHUYLFH SDFNDJH R
FRVW RI XVLQJ WKHLU VRXUFH LV WKRXVDQGY RIGROODU $&&2EHDP
FRPSDWLEOH ZLWK YLUWXDOO\ DQ\ LPDJLQJ VRIWZDUH RU KDUGZDUH

&ROOLPDW
DW PXOWL

IUHTXHQFI = VHYH

&RPPHQWW 8%, XOWUDVRQLF SUREH FDQ SURYLGH HLWKHU D VRPHZKLEL
PRUH FROOLPDWHG N+] EHDP EXW RXU VRXUFH LPDJHV|DW QXPHUR
N+] ZKLOH PDLQWDLQLQJ D WLJKW FROOLPDWLRQ

,PDJLQJ W
KLIJKO\

DWWHQXD
PDWHULDGQC

&RPPHQWWH RQO\ RWKHU SURGXFW DEOH WR LPDJH FOHDUIO\ DQG EH\R
VXFK DV FRQFUHWH GULOOLQJ PXG URFN DQG ERQH LV{WKH ORZ IU
+RZHYHU VWDQGDUG SUREHV KDYH DQ HIWUHPHO\ ORZ VSDWLDO UHVF
IHDWXUHYV 2Q WKH RWKHU KDQG RXU VRXUFH ZRUNV ZHO LQ KLJKO\
UHVROXWLRQ FKDUDFWHULVWLF RI KLIJK ITUHTXHQF\

6LPSOH
PDQXIDFW
SURFHVV

&RPPHQ@Q@W®beam’s GHVLIQ UHTXLUHY UDGLDO FODPSLQJ DFKLHYHG E\ JO)
WUDQVGXFHU LQWR FDVLQJ PDGH RI DQ\ VWURQJ PDWHULDO &RPSDUD
D PDWFKLQJ LQGXFWRU IRU ORDGLQJ WKH EDFN RI WKH UDQVGXFHL
VRSKLVWLFDWHG

JUHTXHQF < < OLPLW
KRSSLQJ

&RPPHQSB&R2EHDP VXSSRUWY DV PDQ\ DV IUHTXHQFLHV| ZKLOH WKH
IUHTXHQFLHV




'"HVFULEH KRZ \RXU SURGXFW LPSURYHV XSRQ FRPSHWLWLY
63(&,),& ,QFOXGH VXFK LWHPV DV KRZ PXFK IDVWHU KRZ P

OHUJHV WKH UHVROXW L RQHIHIQBIWH QW LFRRPPHISFLDO DFRX
WKDW SURYLGH D FROOLPDWHG EHDP RYHU D IUHTXHQF\ UL
WKDW ZRUNV LQ GLIIHUHQW PHGLD DV $&&2EHDP GRHV &X
HLWKHU FRQYHQWLRQDO XOWUDVRQLF WRROV WKDW KD
SHQHWUDWH GHHSO\ RU YHU\ ORZ IUHTXHQF\ ORQJ UDQ
GHHSHU ZLWK SRRUHU UHVROXWLRQ $&&2EHDP FRPELQHV |
SHQHWUDWLRQ

'HHS 3SHQHW2XDWGEGRQYLFH RSHUDWHY DW D+DRZRIUWTXHQF\
SHQHWUDWHYV DV GHHS DV PHWHUV LQ DQ\ PHGLXP HYHQ
such as Schlumberger’s UBI and Archer’s SPACE Panorama typically rely on higher
IUHTXHQFLHYVY WKDW DWWHQXDWH TXLFENO\ UHVXOWLQJ LQ
Standard borehole probes like Schlumberger’s BARS can penetrate deeper than
$&&2EHDP EXW KDYH LPDJLQJ UHVROXWLRQ WKDW LV v

$ELOLW\ WR RSHUDWH bk} EDLXED $SRWHERBBLWMSHUDWHY DW
IUHTXHQF\ LW FDQ WUDQVPLW RU UHFHWKHMRWEGH Q OLTX
SRVVLEO\ DOVR JDVHV DQG DLU 1R FRPSHWLQJ VRXUFH FD

JUHTXHQF\ KB&&RPEBDP LV WKH RQO\ DFRXVWLF VRXUFH W
JHQHUDWH DQAYZKHUWHT XBRFLHY SHU GHYLFH 7KLV LV ILYH W
RQO\ FRPSHMHuMbedeRU8 %, 7KH DELOLW\ WR JHQHUDWH D EHDP
IUHTXHQFLHY PHDQV LQFUHDVHG YHUVDWLOLW\ LQ DGDSWL
PD[LPXP UHVROXWLRQ FDQ EH DFKLHYHG

6LIHPW RQOR] DQG OHVV WKDQ FPV LQ GLDPHWHU $&&2E
PRYHG WR QHZ ZRUNVLWHY DQG XVHG LQ YDULRXV XQGHU

6SHH® WD FROOHFWLRQ XVLQJ $&&2EHDP FDQ EH SHUIRUI
FRPPHUFLDO WHFKQRORJLHV 7KH GHYLFH LV FDSDEOH RI S
VLIQLILFDQWO\ UHGXFHVY GDWD DFTXLVLWLRQ WLPH 7KLV |
SK\VLFDO PRGHOV RI VWUXFWXUH DQG GDPDJH

&RVW DQG HDVH RISMDOWWOFRXW H$S&&2EHDP LV VLPSO\ D S
GLVF ZLAskg ki ¢iamps” the disc’s edges. Because it so simple to construct,
WKH GHYLFH UHTXLUHY DV OLWWOH DV IRU PDWHULDOV
WKH FRVW RI $&&2EHDP DQG FRPPHUFLDO DFRXVWLF VRXUF
FRPSHWLQJ WHFKQRORJLHYV DUH RIITHUHG E\ VHUYLFH FRPS
LPDJLQJ VHUYLFH LQFOXGLQJ GHSOR\PHQW RI WKH WRRO

B3RZHU HIILBRIEQEHDP KDV D VLPLODU SRZHU RXWSXW WR



WKH DGYDQWDJH RI WKLV GHYLFH VWHPV IURP FROOLPDWL
SHOQHWUDWLRQ LOWR GLITHUHQW PHGLD 7KH DFRXVWLF VR
WKDQ D SDUDPHWULF DUUD\ ZKLFK LV WKH RQO\ RWKHU VR
ORZ IUHTXHQF\ FROOLPDWHG EHDP

'"HVFULEH WKH OLPLWDWLRQV RI \RXU SURGXFW VHUYLFH
FRPSHWLWRUV RIIHU"

$&&2EHDP KDV OLPLWHG EDQGZLGWK ZKHQ FRPSDUHG WR
EDQGZLGWK RI D SDUDPHWULF DUUD\ +RZHYHU SDUDPHWU
WKDW LV LPSUDFWLFDO IRU PRVW LPDJLQJ SXUSRVHV VR Z
VLPLODU VRXUFHV $GGLWLRQDOO\ LQ KRXVH WKHRUHWLFI
Wdkamatically extend ACCObeam’s range.

2XU VRXUFH GRHV QRW SHQHWUDWH DV IDU DV VWDQGDU
Schlumberger’s BARS (3 meters compared with 15 meters). However, it surpasses
VWDQGDUG VRQLF SUREHV LQ D QXPEHU RI ZzD\V LPDJLQJ U
EHWWHU HDVH RI PDQXIDFWXUH SRZHU HIILFLHQF\ VPDOC
IUHTXHQFLHY DQG DGDSWDELOLW\ IRU D KXJH UDQJH RI DS

6XPPDU\ ZRUGVWV-WVIORRW IRU ZRUGYV

KHQ VWUXFWXUHV OLNH ZHOOERUHV IUDFWXUH WR WKH SF
FDWDVWURSKLF %XW GHWHUPLQLQJ ZKHQ IUDFWXUHYV DSSI
SUREOHPDWLF ([LVWLQJ ERUHKROH WHOHYLHZHUYV DUH HL)
PLOOLPHWHUV RI FHPHQW SURKLELWLYHO\ H[SHQVLYH RU
GHYHORSHG DW /RV $ODPRV 1DWLRQDO /DERUDWRU\ LV WK
ORZ ITUHTXHQFLHY ZKLOH EHLQJ SRZHUIXO DQG VR FROOLPLEL
GHJUHHV ZLWK QR VLGH OREHYVY 7KH GHYLFH LPDJHV WKUR?
FKDQFH RI RLO DQG JDV OHDNV FRVWV DV OLWWOH DV V
gas, water, and evenairasan“ X OWUDVRQLF IODVKOLJKW

$&&2EHDP KDV QXPHURXV RWKHU OLIHVDYLQJ DSSOLFDWLR
EHIXQ WR H[SORUH QRQLQYDVLYH H[SORVLYHV LPDJLQJ U
LPDJLQJ DQG YLUWXDOO\ XQGHWHFWDEOH ORQJ UDQJH XQ

6 XSSRUW /HWWHUYV
&UHDWH RQH 3') ILOH WKDW FRQWDLQV DOO VXSSRUW OH
‘H KDYH D VXSSRUW OHWWHU IURP &KHYURQ DWWDFKH

$SSHQGL[ 6XSSRUWLQJ ,QIRUPDWLRQ
&UHDWH RQH 3') ILOH WKDW FRQWDLQV VXSSRUWLQJ LQIF
SUHVV UHOHDVHVY DQG VR RQ (QVXUH WKDW VXFK GRFXF
LQIRUPDWLRQ



6XSSRUWLQJ LQIRUPDWLRQ

'"HVFULSWLRQ RI FRYHU HQWU\
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3 )H\QPDQ &HQWHU IRU ,QQRYDWLRQ

“Low TUHTXHQF\ XOWUDVRQLF %HVVHO OLNH FROOLPDWHG
RI SLHIRHOHFWULEFSWUDB @ \B&EXWVHRW /HWWHUV' 2,

“Radial modes of laterally stiffened piezoelectric disc transducers for ultrasonic

collimated beam generation.” :DYH ORWLRQ

KWWSV GRL RUJ M ZDYHPRWL
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IUHTXHQF\ XOWUDVRQLF FRGORARFDMHWN B GQENDEPI BRBQHUDW LR (

3

%URDGEDQG XQLGLUHFWLROQBOLXOHWVEUBDWRBRWEOEG SDWSEQIND &a
'‘HF

$FRXVWLF VRXUFH IRU JHQHBOQWILBRG B DW R X Va/DMWHEMND B 6
0D\

6\VWHP DQG PHWKRG IRU VRQLF ZDYH PHDVXUHPHQWYV XV
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1
DEVICE AND METHOD FOR GENERATING A
BEAM OF ACOUSTIC ENERGY FROM A
BOREHOLE, AND APPLICATIONS THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of pending U.S.
patent application Ser. No. 12/166,842 filed on Jul. 2, 2008,
the contents of which are incorporated by reference in its
entirety.

GOVERNMENT RIGHTS

This invention was made with Government support under
Cooperative Research and Development Agreement
(CRADA) Contract Number DE-AC52-06NA25396
awarded by the United States Department of Energy. The
Government may have certain rights in this invention.

FIELD

The present invention relates generally to acoustic interro-
gation of rock formations around a borehole and more par-
ticularly to using the combination of an acoustic source
including a single transducer or an array of transducers in the
wellbore coupled to a non-linear material for producing an
acoustic beam as a probing tool from a borehole to interrogate
the properties of rock formations and materials surrounding
the borehole.

BACKGROUND

Acoustic interrogation of subsurface features tends to be
limited by the size and power of practical sources, and in
practice, the output of downhole acoustic transducers is lim-
ited by the power transmission capabilities of the wire line
cable. High frequency signals have a relatively short penetra-
tion distance, while low frequency signals generally require
large sources, clamped to the borehole wall, to maximize
energy transfer to the formation and minimize unwanted sig-
nals within the well bore. It is difficult to generate a colli-
mated acoustic beam signal in the 10 kHz-100 kHz range
from the borehole to probe the rock formation surrounding a
borehole, or any other material in the environment, such as
casing or cement, with conventional low-frequency transduc-
ers. Conventional low-frequency acoustic sources in this fre-
quency range have low bandwidth, less than 30% ofthe center
frequency, and very large beam spread that depends on the
frequency, such that as the frequency decreases, the beam
spread increases. The generation of a collimated beam
requires a number of conditions to be satisfied, including a
long source array, uniform coupling of all the transducers to
the rock formation around the borehole and knowledge of the
acoustic velocities of the rock formation. In the borehole
environment, these conditions are not often achievable
because of underlying physics constraints, engineering fea-
sibility or operating conditions.

Acoustic beam sources based on a non-linear mixing of
acoustic waves have been proposed for general applications
in fluid media, such as underwater sonar, since the 1950s. For
subsurface applications, U.S. Pat. No. 3,974,476 to Cowles
discloses an acoustic source for borehole surveys. The dis-
closure of Cowles describes an acoustic source generation
device, for example, a device that is capable of the generation
of'a 1 kHz frequency beam by mixing two frequencies around
5 MHz in a borehole environment violates basic physical
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principles. A typical wireline logging tool has a diameter of
354 inch (9.2 cm), while the wavelength of a 1 kHz wave ina
typical fluid of 1500 m/s is 1.5 m. This represents close to 10
times the borehole diameter. This 1 kHz acoustic wave cannot
stay collimated without violating the basic uncertainty prin-
ciple of wave diffraction physics. Moreover, the mixing of 5
MHz frequencies to generate a 1 kHz wave represents a
step-down frequency ratio of 5000:1, which has not been
demonstrated to be achievable in practice.

SUMMARY

In accordance with some aspects of the present disclosure,
a method of generating a beam of acoustic energy in a bore-
hole is disclosed. The method includes generating a first
broad-band acoustic pulse at a first broad-band frequency
range having a first central frequency and a first bandwidth
spread; generating a second broad-band acoustic pulse at a
second broad-band frequency range different than the first
frequency range having a second central frequency and a
second bandwidth spread, wherein the first acoustic pulse and
second acoustic pulse are generated by at least one transducer
arranged on a tool located within the borehole; and transmit-
ting the first and the second broad-band acoustic pulses into
an acoustically non-linear medium, wherein the composition
of the non-linear medium produces a collimated pulse by a
non-linear mixing of the first and second acoustic pulses,
wherein the collimated pulse has a frequency equal to the
difference in frequencies between the first central frequency
and the second central frequency and a bandwidth spread
equal to the sum of the first bandwidth spread and the second
bandwidth spread.

In accordance with the method, the frequency range of the
collimated acoustic pulse can have a central frequency that is
between 15 kHz and 120 kHz. Moreover, the non-linear
medium can include a mixture of liquids, a solid, a granular
material, embedded microspheres, or an emulsion, or a com-
bination thereof. Further, the bandwidth spread of the colli-
mated pulse can be between 50% and 200% of the first central
frequency or the second central frequency. The method can
further include transmitting the collimated pulse into a mate-
rial around the borehole, wherein the material can be rock
formation, cement, or casing, or combinations thereof. Fur-
ther, the non-linear medium can have a velocity of sound
between 100 ny/s and 800 nv/s. The method can further include
reflecting and guiding the collimated acoustic pulse by an
acoustic mirror.

In accordance with some aspects of the present disclosure,
a wireline or pipe conveyed logging tool positionable within
a borehole is disclosed. The tool can include a housing; at
least one transducer, carried by the housing, and configured to
produce a first acoustic pulse at a first frequency range having
a first central frequency and a first bandwidth spread and a
second acoustic pulse at a second frequency range different
than the first frequency range having a second central fre-
quency and a second bandwidth spread; and a non-linear
medium carried by the housing, wherein the composition of
the non-linear medium is configured to produce a collimated
pulse by a non-linear mixing of the first and second acoustic
pulses, wherein the collimated pulse has a frequency equal to
the difference in frequencies between the first central fre-
quency and the second central frequency and a bandwidth
spread equal to the sum of the first bandwidth spread and the
second bandwidth spread.

In accordance with the tool, the frequency range of the
collimated acoustic pulse can have a central frequency that is
between 15 kHz and 120 kHz. Moreover, the non-linear
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medium can include a mixture of liquids, a solid, a granular
material, embedded microspheres, or an emulsion, or a com-
bination thereof. Further, the bandwidth spread of the colli-
mated pulse can be between 50% and 200% of the first central
frequency or the second central frequency. The tool can fur-
ther be arranged to transmit the collimated pulse into a mate-
rial around the borehole, wherein the material can be rock
formation, cement, or casing, or combinations thereof. Fur-
ther, the non-linear medium can have a velocity of sound
between 100 m/s and 800 m/s. The tool can further be
arranged to reflect and guide the collimated acoustic pulse by
an acoustic mirror.

In accordance with an aspect of the invention, a very com-
pact device, positioned within a well bore, configured to
generate and direct a collimated acoustic beam into materials
and rock formation around a borehole, is disclosed. The
device includes a transducer arranged within a logging tool in
the borehole and configured to receive a first electronic signal
at a first frequency and a second electronic signal at a second
frequency generated by one or more electronic sources and to
produce primary acoustic waves at the first frequency and the
second frequency; and a low acoustic velocity non-linear
material arranged in a transmission path of these primary
acoustic waves in the logging tool and configured to generate
a secondary collimated acoustic beam with a frequency equal
to a difference in frequencies between the first frequency and
the second frequency by a non-linear parametric array mixing
process. The non-linear material can include a mixture of
liquids, a solid, a granular material, embedded microspheres,
and/or an emulsion with suitable properties: low acoustic
velocity, low acoustic attenuation and high resistance to
shock formation.

The device can further include an acoustic mirror config-
ured to reflect the collimated acoustic beam and to steer the
acoustic beam in a given direction into the materials and
formation surrounding the borehole.

The device can further include a first acoustic lens or lens
assembly arranged along a propagation path of the acoustic
beam, configured to alter a beam geometry of the acoustic
beam to control the beam collimation and/or a second acous-
tic lens or lens assembly arranged to compensate for an alter-
ation of the beam radiation pattern due to a geometry of the
interface and acoustic property differences between the bore-
hole and the material surrounding the borehole. Further, the
first acoustic lens assembly can be a converging lens to
improve the beam collimation and the second acoustic lens
assembly can be a diverging lens, wherein the diverging lens
can be arranged to compensate for the effect on the propagat-
ing beam of a cylindrical borehole-formation interface.

The device can further include a receiver or a receiver array
arranged in the borehole and configured to receive the acous-
tic beam after the acoustic beam has altered as a result of a
characteristic ofthe formation, wherein the acoustic beam has
been altered by being reflected, refracted and/or backscat-
tered by materials and formation surrounding the borehole.

The device can further include a housing configured to
house the transducer and the non-linear material. The housing
can further include any combinations of the acoustic mirror
and one or more lens assemblies. The transducer and non-
linear material can be mounted axially within the logging
tool.

The device can further include a signal encoder configured
to encode the acoustic beam with a time-varying code by
introducing a time-varying component including one or more
of frequency chirping or frequency sweep to one of the first
and the second signals.
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The device can further include an electronic pulse genera-
tor configured to feed the transducer two electrical pulses of
first and second frequencies to generate two acoustic beam
pulses in a non-linear mixing medium in order to produce a
secondary short duration acoustic pulse that propagates from
the device as a collimated beam.

In accordance with an aspect of the invention, a method of
generating a collimated acoustic beam with low frequency
and broad bandwidth in a very small spatial volume, which is
located within a logging tool in a borehole, and directing the
beam into materials and rock formation surrounding the bore-
hole is disclosed. The method includes producing a first
acoustic wave at a first frequency bandwidth and a second
acoustic wave at a second frequency bandwidth by a trans-
ducer located within the logging tool and transmitting the first
and the second primary acoustic waves into a non-linear
medium with low acoustic velocity that is arranged within the
logging tool along a propagation path of the primary acoustic
waves and configured to produce an secondary collimated
acoustic beam by a non-linear mixing process, wherein the
secondary collimated acoustic beam propagates through the
non-linear medium in a same direction as an initial direction
of the first and second acoustic waves and has a frequency
bandwidth equal to a difference in frequencies between the
frequencies of the first and the second primary acoustic
waves.

The method can further include altering the beam geom-
etry to improve collimation of the acoustic beam within the
logging tool by a first acoustic lens arranged along a trans-
mission path of the acoustic beam and/or compensating for an
alternation of the beam geometry attributable to a character-
istic of the borehole and maintaining an approximately colli-
mated beam within the earth by a second acoustic lens. More-
over, the method can further include reflecting and guiding
the acoustic beam in a given direction by an acoustic mirror.
Further, the method can further include receiving the acoustic
beam in the borehole by a receiver after the acoustic beam has
altered as a result of a characteristic of the formation.

The method can further include exciting the transducer by
afixed, high frequency signal and a chirped frequency signal;
producing one or more high frequency acoustic beams;
receiving the one or more high frequency acoustic beams;
generating a fixed frequency tone burst and a chirp having a
same duration as the fixed frequency tone burst, wherein the
fixed frequency tone burst is equal to the difference in fre-
quency between the high frequency signal and the chirped
frequency signal by the non-linear mixing process in the
non-linear material. The fixed, high frequency signal can be
between 250 kHz and 1.5 MHz and the chirped frequency
signal can be chirped such that the difference between the
fixed and chirped frequency is between 3% to 20%.

The method can further include producing a first pulse
having a first central frequency and a first bandwidth spread
and a second pulse having a second central frequency and a
second bandwidth spread by the transducer; transmitting the
first pulse and the second pulse in the non-linear material; and
generating an acoustic beam pulse with a central frequency
equal to the difference in frequency between the first central
frequency and the second central frequency and a bandwidth
spread equal to the sum of the first bandwidth spread and the
second bandwidth spread by the non-linear material by the
non-linear mixing process.

In accordance with an aspect of the invention, a system for
imaging properties of the formation and other materials sur-
rounding a borehole is disclosed. The system includes a com-
pact low frequency acoustic source assembly and beam con-
ditioning device within a logging tool conveyed in a borehole
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that directs a collimated acoustic beam out of the logging tool
into the surrounding well bore and thence to the formation or
casing and cement, such that some of the radiated energy
returns to the well bore by a combination of reflection, refrac-
tion and scattering, an array of receivers, and the software and
hardware necessary to control the beam direction and opti-
mize its properties, record the received signals, and transform
the recorded data to create images of the formation and other
materials surrounding a borehole that may be interpreted to
yield information about the volume surrounding the borehole.

The system further includes the generation of transmitted
signals optimized in duration and frequency content for the
imaging requirements of the application in question and the
selection the dimensions and configuration of the beam gen-
eration and conditioning assembly and the receiver array to
optimize system performance according to required applica-
tion, and in particular the radial depth of investigation.

In accordance with an aspect of the invention, the system in
paragraph 21 and 22 records data to be processed with imag-
ing algorithms to generate 2D images of properties of the
formation and other materials surrounding along the borehole
axis for every azimuth direction similar to 2D reflection sur-
face seismology. The system can further provide a scan of the
2D images for 360 degree azimuth direction. The set of
scanned azimuth 2D images can subsequently stacked and/or
processed with advanced imaging algorithms to provide a full
3D image of properties of the formation and other materials
surrounding along the borehole axis.

The system may further include optimizing the processing
algorithms and display of the resulting images such that the
information that they contain about the properties around the
well bore is readily evident to the user of the data.

In accordance with some aspects of the disclosure, wireline
or pipe conveyed logging tool positionable within a well bore
is disclosed. The tool includes (a) an ultrasonic transducer
constructed and arranged to be placed in a borehole, the
transducer configured to be excited by two simultaneous but
not identical transient electrical signals of duration between
20-200 microseconds, with a first signal at a first frequency
between 250 kHz and 1.5 MHz and a second signal at a
second frequency between 300 kHz and 1.5 MHz, that pro-
duce first and second acoustic waves at the first frequency and
the second frequency, respectively; (b) an acoustically non-
linear material having a length between 3 and 12 inches
arranged along a transmission path of the transducer that
allows nonlinear mixing of the two acoustic waves generated
by the transducer to produce a transient acoustic beam of the
same duration as the original excitation signals with a fre-
quency corresponding to the difference in instantaneous fre-
quencies between the first frequency and the second fre-
quency, the acoustic beam having a frequency between 15 and
120 kHz.

The tool can be configured such that the electrical signals
are encoded by introducing a time-varying component
including one or more of frequency chirping or frequency
sweeps to one or both of the signals. Moreover, the tool can be
configured such that the acoustic beam has the frequency
between 15 and 120 kHz. Further, the tool can be configured
such that the tool is arranged to maintain a level of collimation
of the acoustic beam that depends on a mixing length in the
nonlinear material and produce the acoustic beam such that
the acoustic beam exits the nonlinear material, and continues
to propagate through a medium in which the tool is immersed.

These and other objects, features, and characteristics of the
present invention, as well as the methods of operation and
functions of the related elements of structure and the combi-
nation of parts and economies of manufacture, will become
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more apparent upon consideration of the following descrip-
tion and the appended claims with reference to the accompa-
nying drawings, all of which form a part of this specification,
wherein like reference numerals designate corresponding
parts in the various Figures. It is to be expressly understood,
however, that the drawings are for the purpose of illustration
and description only and are not intended as a definition of the
limits of the invention. As used in the specification and in the
claims, the singular form of “a”, “an”, and “the” include
plural referents unless the context clearly dictates otherwise.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a generalized diagram of an example device
for producing the collimated beam in accordance with an
aspect of the disclosure.

FIGS. 2a, 2b and 2¢ show different modes of generating a
difference frequency through a non-linear process in accor-
dance with aspects of the disclosure.

FIGS. 3a and 35 show comparisons of experimental results
and theoretical predictions of the non-linear mixing in water
in terms of the amplitude of the collimated beam and axial
(z-direction) position.

FIGS. 4a and 4b show experimental results of the non-
linear mixing in water as the non-linear medium in terms of
the amplitude of the collimated beam at various excited fre-
quencies and axial (z-direction) and lateral (x-direction) posi-
tions.

FIGS. 5a and 556 show an aspect of the disclosure where the
collimated beam is produced by a chirp burst.

FIGS. 6a, 6b and 6¢ show an aspect of the disclosure where
the collimated beam is produced by a chirp burst.

FIGS. 7a,7b and 7¢ show an aspect of the disclosure where
the collimated beam produced by the non-linear mixing pro-
cess using a CNC foam block.

FIG. 8 shows an aspect of the disclosure where the colli-
mated beam produced by the non-linear mixing process using
a CNC foam block transmitted through an enclosed alumi-
num pipe.

FIG. 9 shows an aspect of the disclosure where the colli-
mated beam produced by the non-linear mixing process using
the 310M ceramic block as the non-linear material.

FIG. 10 shows an aspect of the disclosure where the device
is used to characterize formations and/or materials near the
borehole.

FIG. 11 shows the corresponding axes of rotation of the
acoustic beam guide in accordance with an aspect of the
disclosure.

FIG. 12 shows an aspect of the disclosure where the colli-
mated beam, produced by the non-linear mixing process
using the 310M ceramic block as the non-linear material,
penetrates a metal pipe casing.

FIGS. 13a and 135 show an aspect of the disclosure where
the collimated beam after steering with an acoustical mirror
exits the metal pipe casing.

FIG. 14 shows an aspect of the disclosure where the device
is used with or without an acoustic focusing system to look
straight down a borehole.

FIGS. 15a, 155 and 15¢ show an example experimental
set-up and results of the imaging of an object outside the pipe
in accordance with an aspect of the disclosure.

FIG. 16 shows the dimensions of a very compact source
device, with transducers and a chamber of low acoustic veloc-
ity (646 m/s) non-linear mixing fluid such as Flourinert
FC-43, capable of generating a collimated acoustic beam with
bandwidth 0of 20-120 kHz in accordance with an aspect of the
disclosure.



US 8,547,791 B2

7

FIG. 17 shows the comparison of collimated radiation
characteristic of the acoustic beam generated by the very
compact device in FIG. 16 versus diffused radiation charac-
teristic of the acoustic waves generated from a conventional
transducer.

FIG. 18 shows the pulse wave train, frequency spectrum
from 50 to 150 kHz and the radiation characteristic of the
beam acoustic pulse generated by the compact device in FIG.
16.

FIGS. 19a and 195 show a schematic of the axially
mounted source, acoustic lens and mirror sub-assembly
showing beam steering and focusing by mirror and lens sub-
assembly to maintain collimation of acoustic beam inside the
device and in the materials and formation surrounding the
borehole.

FIG. 20 shows schematic of a prototype device incorporat-
ing the source, acoustic mirror and lens, and receiver array.

FIGS. 21a and 215 show an example of a system in which
laboratory experiments for the operation of the arrangement
of FIG. 20 were performed.

FIG. 22 shows a signal detected by each of the receivers in
the array for the fixed source location with the beam oriented
at constant azimuth and inclination direction of the arrange-
ment of FIG. 21.

FIG. 23 shows a multi-azimuth panel display covering 35
to 145 degrees of azimuth for the arrangement of FIG. 21

FIG. 24 shows an image created by plotting the signal from
the same receiver at increments of five degrees over a range of
110 degrees of azimuth.

DETAILED DESCRIPTION

FIG. 1 shows a generalized diagram of the device for
producing the collimated beam in accordance with an aspect
of the invention. In some embodiments, one or more sources
110 are used to produce a first signal at a first frequency and
a second signal at a second frequency. By way of a non-
limiting example, the signals can be produced by a 2-channel
signal generator. Similar signal or function generators may be
used. The signals from the sources are received by one or
more signal amplifiers 120 and are transmitted to one or more
transducers 130 that are used to generate acoustic waves at the
first and the second frequencies. The first and second frequen-
cies can be broadband having a frequency range including a
central frequency with some frequency spread about the cen-
tral frequency. Piezoelectric transducers are one type suitable
for this application. If more than one transducer is use, they
can be arranged in an array configuration. By way of non-
limiting examples, the array configuration can be linear, cir-
cular, a filled circle or a square array. The transducers within
the array are divided into two groups, wherein the first group
of transducers is driven by a source at the first frequency and
the second group of transducers is driven by the source or by
a different source at the second frequency. In some aspects of
the invention, the source configured to generate the first fre-
quency and the source configured to generate the second
frequency drive all the transducers simultaneously. By way of
anon-limiting example, the first frequency is 1.036 MHz and
the second frequency is 0.953 MHz.

The acoustic signal is transmitted through a non-linear
material 140 to generate a collimated acoustic beam by way
of a non-linear mixing process. The non-linear material can
be a liquid, a mixture of liquids, a solid, a granular material
embedded in a solid casing, embedded microspheres, or an
emulsion. By way of a non-limiting example of such a non-
linear material is 310M ceramic foam sold by Cotronics of
Brooklyn, N.Y., which is composed of over 99% pure fused
silica ceramic and provides low thermal expansion and con-
ductivity, high thermal shock resistance and high thermal
reflectance. 310M has a density of 0.80 g/cm® and a speed of
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sound of 1060 ny/s. Another non-limiting example of the
non-linear material is a urethane foam board material. This
type of foam is typically used for Computer Numerically
Controlled (hereinafter, “CNC”) machining. The CNC foam
has a density o 0.48 g/cm?® and a speed of sound of 1200 m/s.

The non-linear material 140 can be further be a material
with high non-linearity, low acoustic velocity, low acoustic
attenuation and high resistance to shock formation such that a
highly collimated beam can be generated from a very com-
pact source. Depending on the operating conditions in the
borehole, other non-linear materials with suitable low sound
velocity, high non-linear coupling, absorption length, shock
wave length, temperature and pressure operating ranges and
be selected to minimize the size of the mixing volume, as well
as to meet other requirements required by operability speci-
fications.

The dimensions and performance of the collimated beam
source depend inter alia on certain properties of the non-
linear material, and some limits on these may be defined. The
non-linear parameter beta can be between 2 and 50. By way of
example, beta for most liquids range between 2 and 10.
Higher beta can be obtained from other solids materials. In
some aspects, the beta can be 200 or higher for non-fluid
non-linear materials. The sound velocity for non-linear lig-
uids can be between 450 m/s and 1700 nv/s at ambient con-
ditions. In some aspects, the sound velocity of non-linear
materials can be between 100 m/s and 800 m/s. Q or quality
factor values tend not to be a limiting factor in liquids and can
range from 280 for Dow Silicon Oil to tens of thousands for
common liquids. In some embodiments, Q may be at least 30.

This non-linear behavior may be characterized through the
analysis of the properties of P-waves resulting from the non-
linear mixing phenomenon in which two incident waves at
two different frequencies, f; and f,, mix to generate third
frequency components at the harmonics and intermodulation
frequencies f,—f|, f,+f,, 2f, and 2f,, etc. In an aspect of the
invention, the non-linear collinear mixing phenomenon is
designed to occur in the non-linear material inside the well-
bore. In general, only the resulting third wave of difference
frequency f,-f, is of interest to this application. The higher
frequencies only propagate a short distance and tend to be
absorbed in the non-linear material itself.

The reflected, refracted and scattered acoustic energy is
received by one or more receivers 150 located in either the
same borehole where the collimated beam is produced or
another borehole. For example, the one or more receivers can
include one or more acoustic transducers, one or more hydro-
phones or another type of receiver or receivers suitable for the
frequency range of interest. The received signal can be fil-
tered by band-pass filter 160 and amplified by a pre-amplifier
170. The filtered and amplified signal can be displayed on a
digitizer, such as a digital oscilloscope 180. The digital oscil-
loscope 180 can be controlled by a computer 190. The com-
puter 190 can also be used to control the signal generator 110.

FIGS. 2a,2b and 2¢ show different modes of generating the
difference frequency in a non-linear material. The notations f,
f, and £, refer to high frequency signals. The signals received
from the source 110 and the power amplifier 120 by a trans-
ducer 210, enter a non-linear material 220. After a certain
propagation length, the difference frequency is generated in
the non-linear material 220. FIG. 2a shows the generation of
a difference frequency f,—f, by applying two different signals
having two different frequencies f; and f, to the same trans-
ducer 210. FIG. 256 shows the generation of a difference
frequency Af by applying an amplitude modulated signal of
frequency f and a modulation of Af. FIG. 2¢ shows the gen-
eration of a difference frequency f,—f, by applying two dif-
ferent signals having a first frequency f; to a first transducer
230 and a second frequency f, to a second transducer 240. The
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high frequency beams overlap in the non-linear material and
produce the difference frequency f,-f.

In accordance with the above, and by way of a non-limiting
example, the first frequency is 1.036 MHz and the second
frequency is 0.953 MHz. The collimated acoustic beam gen-
erated by the interaction with the non-linear material will
have a frequency equal to the difference between the first
frequency and the second frequency. In this example, the
collimated acoustic beam has narrow frequency band with a
clear dominant frequency of 83 kHz. In some embodiments,
the collimated acoustic beam can have a relatively broad
frequency range, wherein the first frequency is a single, nar-
row band frequency and the second frequency is swept across
a broader range of frequencies. The first frequency may also
be swept across a broad range of frequencies as well as the
second frequency. In either case, the first frequency, the sec-
ond frequency, or both can be a coded signal or an uncoded
chirp. One benefit of coding the signal is signal to noise ratio
improvement.

In some embodiments, the collimated beam is encoded
with a time-varying code, which can be introduced into either
the first or the second signal, or both. The time-varying code
may include one or more of a variation in amplitude, a varia-
tion in frequency, and/or a variation in phase of the first, the
second, or both the first and the second signals. The received
time-varying code of the collimated beam can be used to
measure a time-of-flight of the beam. Additionally, in some
embodiments, the collimated beam can be broad-band if one
of the primary frequencies is swept through a range of fre-
quencies while the other is fixed. Thus, the resulting third
beam f,-1] will be swept across a wide frequency range.

FIG. 3 shows results of laboratory measurements in rela-
tion to theoretical predictions based on non-linear mixing and
wave propagation theory. Acoustic waves are distorted by the
nonlinear characteristics of the medium through which they
propagate. The nonlinear propagation of acoustic waves can
be modeled via the Khokhov-Zabolotskaya-Kuznetsov
(KZK) equation, which can be solved by a finite difference
approximate scheme. The KZK equation explains various
nonlinear characteristics such as diffraction of sound pres-
sure, attenuation of sound pressure (i.e. absorption), and gen-
eration of a harmonic frequency component (i.e. non-linear-
ity), and models the shape of an acoustic signal as a sound
pressure given such parameters as initial transmission sound
pressure, transducer diameter and transducer array geometry,
propagated distance, and medium. The KZK non-linear para-
bolic equation takes into account the combined effects of
diffraction, absorption, and non-linearity in directive sound
beams. The KZK equation for an axisymmetric sound beam
that propagates in the positive z direction can be expressed in
terms of an acoustic pressure p as follows:

D &p B P (1)

#p _cof@p b&p, B &P
20(3) a3 Zpocg ar?

1dp
azdr ~ 21 ar2

+-F
r or

where t'=t-z/c, is a retarded time variable, t is time, c, is a
small signal sound speed, r=(x*+y>)"/? is a radial distance
from the z axis (i.e., from the center of the beam), 3%/3r+(1/
r)3/3r is the transverse Laplacian operator, and p,, is the ambi-
ent density of the fluid. Furthermore,

(5o 3)edz -2

is the sound diffusivity of a thermoviscous medium, where ¢
is the bulk viscosity, 1 the shear viscosity, K the thermal
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conductivity, and ¢, and c,, the specific heats at constant vol-
ume and pressure, respectively. The coefficient of non-linear-
ity is defined by f=1+B/2A, where B/A is the parameter of
non-linearity of the medium. The first term on the right-hand
side of equation (1) accounts for diffraction (focusing)
effects, the second term for absorption, and the third term for
non-linearity of the attenuating medium. Further details on
the form and use of the KZK model may be found inY.-S. Lee,
“Numerical solution of the KZK equation for pulsed finite
amplitude sound beams in thermoviscous fluids,” Ph.D. Dis-
sertation, The University of Texas at Austin (1993), which is
hereby incorporated by reference in its entirety.

For the laboratory measurement, the transducer was
excited at 0.953 MHz and 1.036 MHz leading to a collimated
beam having a frequency equal to the difference 1.036 MHz-
0.953 MHz=83 kHz. The collimated beam was produced by
the non-linear mixing process using water as the non-linear
material. FIG. 3a shows the amplitude of the generated beam
for arange of z and x positions of a hydrophone receiver. FIG.
35 shows aplot of the observed axial intensity profile, in good
agreement with theory.

FIG. 4a shows the results obtained by exciting the trans-
ducers at a variety of different frequencies, and thus produc-
ing the collimated beam having a different frequency. The
results are shown as a plot of amplitude as measured by a
voltage, versus a position along the z-axis direction measured
in millimeters. In this laboratory test, collimated beams were
produced having at frequencies of 10kHz, 37 kHz, 65 kHz, 83
kHz and 100 kHz. As can be seen in the figure, the collimated
beams have similar beam profiles along the z-axis direction.
FIG. 45 shows the beam cross section at a distance of 110 mm
from the emitter. In this figure, the amplitude of the beam as
represented by a voltage is plotted against the x-axis direction
as measured in millimeters. The results indicate that the col-
limated beam at a variety of frequencies shows similar highly
concentrated beam cross sections in the x-direction, unlike
waves of the same frequency that would be more spread outin
the x-direction.

As discussed above, the collimated beam can have a rela-
tively narrow frequency range, wherein the one or more trans-
ducers are excited by a source producing a particular fre-
quency, or the collimated beam can have a relatively broad
frequency range. An example of the production of the colli-
mated beam having a relatively broad frequency range is
shown in FIGS. 5a and 54. By way of a non-limiting example,
FIG. 5a shows a chirp signal of finite duration that has a
frequency ranging from 900 kHz to 1 MHz and a burst of a
frequency of 1 MHz. FIG. 56 shows the resultant burst plotted
as an amplitude as represented in voltage versus time in
microseconds.

FIG. 6a shows a series of lateral scans at selected distances
in the z-direction from the transmitter of the beam shown in
FIG. 6b. The selected distances are 10 cm, 20 cm, 30 cm, 40
cm, 50 cm and 60 cm. The plot of amplitude as determined by
voltage versus x-axis distance shows that the beam spread is
small and relatively constant and independent of distance in
the z-direction from the transducer. A frequency spectrum of
the collimated beam is shown in FIG. 6c¢. The figure shows
that the usable frequency range for this particular arrange-
ment is from 20 kHz to 120 kHz. The low end of the usage
frequency range can be as low as 5 kHz and is only limited by
the size of the borehole. Other frequency bands may be used
for the collimated beam including the acoustic logging fre-
quencies that are typically in the kHz range and the borehole
televiewer-type band that are typically in the hundreds of kHz
to MHz range. One benefit of such an arrangement is that the
use of a wide bandwidth chirp signal source in a borehole
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would tend to result in an improved signal to noise ratio in
comparison with a non-chirped source. The chirped signal
further may allow for an improved time-delay estimation that
would be beneficial in imaging applications.

FIG. 7a shows the collimated beam produced by the mix-
ing process using the CNC foam block as the non-linear
material. A transducer array 710 is configured to produce
acoustic wave at frequencies of 1.000 MHz and 1.087 MHz.
The transducer array 710 is coupled to the CNC foam 720
where the two acoustic signals mix forming a collimated
beam 730 having a frequency of 87 kHz. The CNC foam
block has an 80 mm aperture from which the collimated beam
propagated. FIG. 76 shows the amplitude of the collimated
beam in the time domain at a lateral distance of 90 mm
(x-axis) and an axial distance of 20 mm (z-axis). FIG. 7¢
shows the collimated beam in the frequency domain having a
strong peak at 87 kHz.

FIG. 8 is similar to FIG. 7a, but shows the collimated beam
810 generated by the transducer array 820 and CNC foam
block 830 arranged within an enclosure 840. As shown, the
enclosure 840 is an aluminum pipe having an overall length of
323 mm, an internal diameter of 140 mm and an exterior
diameter of 153 mm.

FIG. 9 is similar to FIG. 7a and shows the collimated beam
produced by the non-linear mixing process using the 310M
ceramic block as the non-linear material. A transducer array
910 is configured to produce acoustic signals at frequencies
of 1.353 MHz and 1.440 MHz. The transducer array 910 is
coupled to the 310M ceramic block 920 where the two acous-
tic signals mix forming a collimated beam 930 having a
frequency of 87 kHz. The 310M ceramic block 920 hasa 110
mm aperture from which the collimated beam propagated. As
can be seen in the figure, the collimated beam has side lobes
that extend into the near field region at around a few centi-
meters from the aperture of the ceramic block; however, these
side lobes do not extend into the far field region of the beam.

FIG. 10 shows an aspect of the invention where the device
is used to characterize formations and/or materials near the
borehole. One or more sources 1005 produce signals at a first
and a second frequency. The signals are transmitted to a signal
amplifier or amplifiers 1010 that are configured to increase
the power of the signals. The signals modified by the amplifier
1010 are transmitted to one or more transducers 1015 that are
configured to generate acoustic waves at the first and the
second frequency. The acoustic waves are transmitted to a
non-linear material 1020, which mixes the waves by way of
the mixing process to produce a collimated acoustic beam
1025.

The collimated acoustic beam 1025 can be steered in a
particular direction by a steering device, such as an acoustic
beam guide 1030. The acoustic beam guide 1030 can be an
acoustic reflector or an acoustic lens. The acoustic reflector
can be a material with different acoustic impedance from the
surrounding medium in which the beam propagates. One
non-limiting example of such an acoustic reflector is metal
plate. The acoustic lens is configured to focus the collimated
acoustic beam at a particular focal point and direction and can
have a concave shape. A Fresnel-type mirror arrangement can
also be used for the acoustic beam guide. The acoustic beam
guide can be rotated into a particular orientation by use of one
or more actuators 1035 coupled to the guide, as shown in
more detail in FIG. 11. In some embodiments, the acoustic
beam guide 1030 may not be used, and the collimated beam
would propagate along the axis of the borehole.

The collimated beam 1040 can be reflected off the guide
1030 and steered to a particular direction toward an object of
interest 1045 near the borehole. Inhomogeneities of the for-
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mations, such as object 1045 or an adjacent bed located along
the beam will generate reflection or scattering of the acoustic
beam. In particular, acoustic impedance contrasts due to local
inhomogeneity, planar fractures etc. outside the borehole
cause reflection or scattering of the acoustic beam, some of
which will return to the borehole. In a cased hole, energy is
reflected from the inner wall of the casing, the outer wall of
the casing that may or may not be attached to cement, any
voids in the cement, the cement or fluid interface to the
formation, and any additional concentric casing strings. In an
open hole application, energy is reflected from impedance
boundaries due (for example) to drilling induced formation
mechanical alteration, fluid invasion, natural fractures, nod-
ules of secondary minerals and bed boundaries. The reflected
and scattered waves 1050 are received by one or more receiv-
ers 1055 in the same borehole (for the case of single well
imaging) or in another borehole (for the case of cross-well
imaging). The receivers 1055 can be coupled to the guide
1030, so that the receivers are configured to receive the
reflected waves 1050 as the guide 1030 moves. The signals
received by the receivers 1055 can be transmitted to process-
ing electronics 1060 for analysis. The processing electronics
1060 can include a computer with appropriate software for
characterizing the rock formation, including producing 2D or
3D images of the formation. The downhole instrumentation is
housed in an enclosure 1065 to permit standard well logging
operations.

In some aspects of the invention, the entire device includ-
ing the transducers 1015, the non-linear material 1020 and
receivers 1055 can be moved up and down the length of the
borehole to image a particular formation near the borehole.
Moreover, the entire device with or without the receivers
1055 can be rotated around the axis of the borehole to image
formations in any azimuthal direction around the borehole.

FIG. 11 shows the corresponding axes of rotation of an
acoustic beam guide 1105. The direction of the collimated
beam is steered by selectively controlling the azimuth of the
guide by rotation around the guide axis 1110, and the incli-
nation 1115, the angle between the plane of the front of the
guide and the guide axis. By use of actuators (not shown) the
plane of the guide can be effectively controlled in azimuth and
inclination. The actuators can thus be used for steering or
changing the direction of the collimated beam.

FIG. 12 shows the collimated beam, produced by the non-
linear mixing process using the 310M ceramic block as the
non-linear material, penetrating a metal pipe casing. A trans-
ducer array 1205 is configured to produce acoustic signals
having frequencies of 1.000 MHz and 1.087 MHz, for
example. The transducer array 1205 is coupled to the 310M
ceramic block 1210 where the two acoustic signals mix form-
ing a collimated beam 1215 having a frequency of 87 kHz,
which propagates through the metal pipe casing 1220. The
transducer array 1205 can be rotated around the longitudinal
axis of the borehole to image a formation around the bore-
hole. The reflected or backscattered beam from the formation
can be received by one or more receivers (not illustrated) in
the borehole or in another borehole. The receivers can be
coupled to the transducer array 1205 to rotate in a similar
manner such that the reflected or backscattered beam is
received by the receivers. As can be seen in the figure, the
beam maintains its collimation after exiting the metal pipe
casing 1220.

FIGS. 13a and 1356 show the collimated beam after steering
with an acoustical mirror and exiting the metal pipe casing.
FIGS. 13a and 135 are similar to FIG. 12, with the difference
that the non-linear material (water in this case) is producing
the non-linear beam along the pipe and the beam is steered out
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of the pipe perpendicular to the initial propagation direction
with the help of an acoustical mirror plate. A transducer array
1305 is configured to produce acoustic signals having a fre-
quency of 0.953 MHz and 1.036 MHz, for example. The
transducer array 1305 is coupled to a non-linear material
(water) 1310 where the two acoustic signals mix forming a
collimated beam 1315 having a frequency of 83 kHz, which
reflects from the acoustical mirror 1320 and propagates
through the metal pipe casing 1325. As can be seen in the
figure, the beam maintains its collimation after exiting the
metal pipe casing 1325, and can be easily steered by rotating
the acoustical mirror in such a way that the angle of incidence
ofthe collimated beam is changed. FIG. 135 shows the beam
steering that results when the mirror 1320 has been rotated.

FIG. 14 shows an aspect of the invention where the device
is used with an acoustic focusing system. One or more
sources 1405 produce signals at a first and a second fre-
quency. The signals are transmitted to a signal amplifier or
amplifiers 1410 that are configured to increase the power of
the signals. The signals modified by the amplifier 1410 are
transmitted to one or more transducers 1415 that are config-
ured to generate acoustic signals at the first and second fre-
quencies. The acoustic signals propagate to a non-linear
material 1420, which mixes the signals by way of the mixing
process to produce a collimated acoustic beam 1425.

In some embodiments, the collimated acoustic beam 1425
is incident on an acoustic focusing system 1430. The colli-
mated beam tends to have a certain beam spread, which
increases as the beam propagates through the enclosure (i.e.,
pipe). This beam spread means that at a certain distance from
the beam origin, the beam will interact with the walls of the
enclosure, which tends to produce undesirable effects. The
acoustic focusing system 1430 reduces this interaction of the
beam and the enclosure walls by focusing the beam, and thus
reducing the beam spread. The focusing need not reduce the
beam profile to a point, but merely produce a well defined
beam that is not distorted or attenuated due to the reflections
from the walls of the enclosure, such that the beam profile
does not spread too much angularly. One non-limiting
example of the acoustic focusing system 1430 is a Fresnel
lens made of Plexiglass or other materials that when appro-
priately shaped reduces the beam spread. The acoustic focus-
ing system 1430 can include a variety of materials including
a chamber filled with a liquid of different sound speed than
the non-linear material in the enclosure, where the chamber is
properly shaped, either convex or concave depending on the
liquid sound speeds. In general, any material that is reason-
ably matched in acoustic impedance with that of the non-
linear material in the enclosure can be used as the acoustic
focusing system 1430.

In some embodiments, the acoustic focusing system 1430
is not used when the beam 1425 produced by the non-linear
mixing in the material 1420 is sufficiently well-defined and
does not spread too much angularly. In this case, the beam
1425 exits the material 1420 without having been further
modified.

A housing or enclosure 1435 is configured to house and
support the transducers 1415, the non-linear material 1420,
the acoustic focusing system 1430, and one or more receivers
1440. The focused acoustic beam is directed along the axis of
the housing 1435 and is reflected or scattered from an object
of interest 1445. The object 1445 can include inhomogene-
ities in the rock formation such as invaded zones, the cement
bond with casing, damaged zones, fractured zones, strati-
graphic layering (particularly at high apparent dip, i.e., for
high angle wells in relatively low dip formations). The receiv-
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ers 1440 are configured to receive the reflected or scattered
signal 1455 and the signal is processed by processing elec-
tronics 1450.

FIGS. 154, 155 and 15¢ show an experimental set-up and
results of the imaging of an object outside of the pipe in
accordance with an aspect of the invention. FIG. 154 shows
the experimental set-up that is similar in design to FIG. 10,
wherein a source transducer 1505 is configured to generate
acoustic signals and is coupled to a non-linear material 1510
that is configured to produce a collimated acoustic beam 1515
by a non-linear mixing process. The source transducer 1505
can be driven by a source generator and a power amplifier
(both not shown). An enclosure 1520, such as a cylindrical
housing, is configured to house the transducer 1505, the non-
linear material 1510, as well as an acoustic beam guide 1525,
and one or more receivers 1530. The collimated acoustic
beam 1515 is directed out of the enclosure 1520 by the acous-
tic beam guide 1525. By way of non-limiting example, in this
arrangement, the acoustic beam guide 1525 is an acoustic
reflector. The reflected collimated beam 1530 is incident on
anobject 1535 outside of the enclosure 1520. The object 1535
can include inhomogeneities in the rock formations such as
invaded zones, the cement bond with casing, damaged zones,
fractured zones, stratigraphic layering (particularly at high
apparent dip, i.e., for high angle wells in relatively low dip
formations). The collimated beam 1540 is received by the one
ormore receivers 1550 (either located in the same borehole or
in another borehole) after is has reflected or backscattered
from the object 1535.

In the experimental set-up of FIG. 154, the object was
rotated 360° about an axis 1545 and measurements were
made of the sound intensity as recorded by receivers 1550. In
this set-up, the object 1535 was a solid block of aluminum
with a slightly irregular shape, placed approximately 61 cm
from the pipe wall. Both the pipe and the block were
immersed in water. FIG. 156 shows a polar plot of the mea-
sured reflected intensity and FIG. 15¢ shows a polar plot of
the measured reflection time. In both FIGS. 1554 and 15¢, the
cross-section of the aluminum block is shown for comparison
with the measured data. As shown in FIG. 155, there is a large
signal when the face of the block is in a position maximizes
the reflected signal at the receiver. Thus, each peak represents
a face of the block. FIG. 15¢ shows the time-of-flight. As the
block is rotated, the faces come forward and recede, changing
the total distance the sound beam has to propagate. It is
understood that in the borehole configuration, the intensity
image will be obtained by rotation of the device. Thus the
amplitude of the reflected signal represents reflections from
inhomogeneities around the perimeter of the borehole.

The device can be made to be very compact while gener-
ating low frequency collimated beam with broad bandwidth
from 20 to 120 KHz by choosing a non-linear material 140
with low acoustic velocity, high non-linearity, low attenua-
tion and high resistance to shock formation. Depending onthe
operating conditions in the borehole, other non-linear mate-
rials with suitable low sound velocity, high non-linear cou-
pling, absorption length, shock wave length, temperature and
pressure operating ranges may be selected to minimize the
size of the mixing volume, as well as to meet other require-
ments required by operability specifications. By way of
another non-limiting example, the non-linear material can be
FLUORINERT FC-43, which is a trademark for an inert
liquid used for applications in electronics sold by 3M Corpo-
ration of St. Paul, Minn. FLUORINERT FC-43 is a suitable
fluid for acoustic nonlinear mixing due to its low sound speed
(646 m/s) and its high acoustic nonlinear parameter f§ of 7.6.
Other fluids from the Fluorinert family can also be used as
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they all have similar physical properties. Fluorinert is stable
from a chemical and thermal point of view, compatible with
sensitive materials and practically non-toxic. Its dielectric
strength is about 10 times higher than air, which results in its
safe use at high excitation powers required in non-linear
acoustic applications. Its usual use is in immersion thermal
cooling for electronic components susceptible to high-tem-
perature damage.

In some aspects, the device includes a transmitter, a high-
frequency transducer, typically designed to operate at around
1 MHgz, attached to a fluid-filled container, or mixing volume,
containing a non-linear material, for example a cylinder filled
with Fluorinert FC-43 or a similar inert liquid with low sound
velocity. The length and width of mixing chamber of the
non-linear material can be very compact and can be as small
as 12 cm by 6 cm as shown in FIG. 16 for beam frequency
range 20-120 kHz. The chamber can be reduced to dimen-
sions of 5 cm by 3 cm if the low end of the beam frequency
range is increased to 50 kHz. The high-frequency transducer
can excited by a fixed frequency and a chirped frequency
signal, for example 1.03 MHz and a chirp 0 0.91-1.01 MHz
(primaries) that generate high-frequency acoustic beams
propagating in the mixing fluid, for example FC-43. Due to
the fluid’s acoustic nonlinear properties, the high-frequency
beams interact to produce the difference frequency and higher
harmonics of the primaries. The primaries and higher har-
monics can be attenuated in the mixing fiuid (a property of the
acoustic nonlinear fluid), and only the difference frequency
will propagate further. The difference frequency beam result-
ing from the interaction of primary frequencies cited above is
in the 20-120 kHz range. The combination of low frequency
and narrow beam-width produced by acoustic nonlinear mix-
ing makes the device a suitable candidate for acoustic imag-
ing outside the borehole. Broad bandwidth low frequency
acoustic beam tends to result in lower attenuation compared
with high frequencies, while the narrow collimation may
provide good resolution for acoustic imaging.

Typical conventional piezoelectric and other sound sources
have a narrow bandwidth—a maximum of 30%. So, a device
with a center frequency of 70 kHz would have a frequency
range of approximately 60 to 80 kHz. To obtain this with a
thickness mode piezoelectric disc or slab, the thickness and
the diameter of the material have to be quite large to prevent
the generation of various radial and other modes. The beam
spread would also be very large as shown in the right hand
side display of FIG. 17. Clearly, such a source does not
produce a beam like radiation pattern. A source such as that
shown in FIG. 16, using nonlinear mixing of two frequencies
could emit (for example) a fixed frequency tone burst (f;) and
a chirp (f,) with the same duration and a frequency ranging
from 0.89 to 0.98 of f,. This range is not absolute—the lower
end of the f, range is limited because mixing efficiency dete-
riorates as the frequency difference Af increases with respect
to f, and the high end because collimation requires a fluid
filled container length of a minimum of about four difference
frequency wavelengths. A fixed frequency f; in the range
from 250 kHz to 1.5 MHz is appropriate for borehole appli-
cations. A fixed frequency f; of 1.03 MHz and {, in the range
described above from about 0.91 to 1.01 MHz would generate
a collimated beam with center frequency of 70 kHz and a
range from 20 kHz to 120 kHz. The left side display of FIG.
17 shows the beams generated by two transducers of similar
(38 and 28 mm diameter respectively), one optimized for 100
kHz operating at 83 kHz, and the other optimized for 1 MHz
emitting electronically mixed signals of 0.953 and 1.036
MHz, generating a difference frequency beam of 83 kHz. The
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measurements were made in water. The difference frequency
beam remains collimated at one meter from the source.

In some aspects, a compact source as shown in FIG. 16 can
be used to generate an acoustic pulse with a broad bandwidth
traveling along a collimated beam trajectory. For example,
when two primary Gaussian pulses, one with central fre-
quency f; and bandwidth spread of o, and the other with one
with central frequency f, and bandwidth spread of o,, are
mixed in the chamber containing a non-linear material, a
secondary acoustic pulse with central frequency (f;-f,) and
bandwidth of approximately (o,+0,) is produced. For
example, two Gaussian pulses with central frequency 1.025
MHz and 1.075 MHz both with bandwidth spread of 40 KHz,
were mixed in the chamber to produce an acoustic pulse and
its corresponding frequency spectrum of 25-150 kHz and
having a collimated trajectory as shown in FIG. 18. Generat-
ing the acoustic pulse along a fixed collimated direction with
the compact device via the parametric array mixing mecha-
nism can be very flexible. The frequencies f; and f, and
bandwidth spreads o,/and o, can be controlled electronically
allowing for flexible design and change of the frequency and
bandwidth of the secondary acoustic pulse during measure-
ment operation in borehole and elsewhere.

The collimated beam emanating from the source device
can tend to diverge, and the beam’s collimation can be
improved by placing an acoustic lens or lens assembly
beyond the volume where the primaries frequencies mix to
generate the difference frequency beam. We have used Plexi-
glass®, but any material with low sound attenuation and the
appropriate acoustic impedance may be used.

Insome cases, an impedance contrast between the borehole
fluid and the formation and the cylindrical borehole surface
can cause an alternation of the beam geometry such that the
beam can tend to converge to a focus and then diverge inside
the formation. In this situation, the transformation of the
received signals into images can become complicated. To
compensate for this effect, a second acoustic lens or lens
assembly, such as a diverging lens, can be placed between the
acoustic mirror and the borehole wall, such that the beam
remains more collimated outside the borehole. The purpose
of the second acoustic lens or lens assembly is to anticipate
the converging effect of the wellbore-formation interface that
acts like a cylindrical lens by focusing the beam at a location
in the formation beyond which it diverges. The focusing
effect of the interface depends on the borehole curvature and
the impedance contrast between mud and formation. The
functionality of the first and second lens assemblies to keep
the beam collimated is illustrated in FIGS. 19a and 195.

FIGS. 19a and 195 show an aspect of the disclosure where
the device is used with atwo lens assembly. In particular, FIG.
19a shows both a side and top view of a device including the
enclosure 1601 and the mirror 1625 positioned within the
borehole 1605. FIG. 195 shows both a side and top view of a
device including the enclosure 1601, the converging lens
1610, the mirror 1625 and the diverging lens 1630 positioned
within the enclosure 1601 in the borehole 1605. As described
above, one or more sources (not shown) are configured to
produce signals at a first and a second frequency. The signals
are transmitted to a signal amplifier (not shown) and then are
transmitted to one or more transducers (not shown) that are
configured to generate acoustic signals at the first and second
frequencies. The acoustic signals propagate to a non-linear
material (not shown), as described above, which mixes the
signals by way of the mixing process to produce an acoustic
beam. The components above can be arranged in an enclosure
1601 within the borehole 1605. An acoustic lens 1610, such as
a converging lens, can be arranged along a transmission path
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of the acoustic beam, i.e., but not limited to, near the exit face
of the enclosure 1601, and/or in communication with the
mixing volume/non-linear material, either directly or indi-
rectly via an interface, to alter a beam geometry of the acous-
tic beam. For example, the beam geometry of the acoustic
beam produced by the sources can be altered so that the beam
1620 refracted by the acoustic lens 1610 is more collimated
that the beam that exited the enclosure 1601. Beam 1620 can
be reflected off an acoustic reflector or acoustic mirror 1625
and directed to a second acoustic lens 1630, such as a diverg-
ing lens. The second acoustic lens 1630 can be configured to
compensate for the alternation of the beam geometry pro-
duced by the interaction between the acoustic beam and the
interface between the surface of the wall of the borehole and
the material surrounding the borehole. The acoustic mirror or
lenses can be arranged to rotate by one or more actuators or
motors 1635. For example, the diverging lens can be a cylin-
drical lens that is configured to counteract the converging
effects on the beam caused by the curvature of the borehole.
The acoustic beam can then refracted by the second acoustic
lens 1630 and directed outside the borehole 1605. The first
and the second acoustic lens 1610 and 1630 can be a Fresnel
lens made of Plexiglass or other suitable materials having a
low sound attenuation and the appropriate acoustic imped-
ance and that when appropriately shaped modifies the beam
by either converging or diverging the beam depending on the
particular arrangement of the lens.

The acoustic reflector or acoustic mirror 1625 and the
second acoustic lens 1630 can be rotated about a longitudinal
axis of the borehole 1605 to generate one or more circumfer-
ential images of the formations outside the borehole. Addi-
tionally, the inclination of the mirror with respect to the
borehole axis can be controlled to alter the angle of incidence
of the beam at the borehole wall.

The external dimensions of logging tools determine the
range of hole sizes in which they can operate. A device with
an operating frequency range of 20 to 120 kHz, using FC43 as
the non-linear material, could be built with a diameter of
about four inches, making it usable in borehole diameters of
six inches and above. Larger devices generating more pow-
erful collimated beams, and operating at lower frequencies
could be used in larger diameter boreholes. A scaled down
device operating at higher frequencies could be lowered
through production tubing for service in completed wells.

Acoustic impedance contrasts due to local inhomogeneity,
planar fractures etc. outside the borehole cause reflection or
scattering of the acoustic beam, some of which will return to
the borehole. In a cased hole, energy is reflected from the
inner wall of the casing, the outer wall of the casing that may
or may not be attached to cement, any voids in the cement, the
cement or fluid interface to the formation, and any additional
concentric casing strings. In an open hole application, energy
is reflected from impedance boundaries due (for example) to
drilling induced formation mechanical alteration, fluid inva-
sion, natural fractures, nodules of secondary minerals and bed
boundaries.

A system using the source device described above and
receivers to detect scattering energy from outside the bore-
hole for 3D borehole reflection seismology to create a 3D
dimensional image of the earth surrounding the borehole is
shown in FIGS. 194, 196 and 20. The system comprises the
acoustic source with rotatable mirrors, such as reflector 1625,
and lenses, such as lenses 1610 and/or 1630, that are rotatable
through one or more actuators/motors 1635 and which can be
mounted within the logging tool and a receiver array 1640,
which are mounted along the tool placed in the borehole to
detect the reflection signal. The entire system can be moved
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up and down the borehole as in 2D reflection surface seismol-
ogy. Rotating the mirror causes the beam from the parametric
array source to scan the borehole circumference in azimuth to
obtain a full 3D image around the borehole. Tilting the mirror
alters the inclination of the beam from the parametric array
source and repeating the azimuth scan will create another full
3D image. The set of multiple 3D images provide redun-
dancy. The set of multiple 3D images can be appropriately
combined to improve the definition of the overall 3D image
definition with signal processing techniques.

Apparatus for laboratory experiments to demonstrate the
operation of the measurement system described above are
shown in FIGS. 21a and 2254. In particular, FIG. 21a shows a
plan view of a proposed vertical cut in a barrel and FIG. 225
shows a cross-section showing components and dimensions
of'the various components of the apparatus. In FIG. 21a,a 146
mm diameter Plexiglass pipe 2105 was centered in a plastic
barrel 2110 and the intervening annulus filled with cement.
The barrel shell was then removed and a 45 degree wide, 50
mm deep channel excavated along the length of the cylinder.
A 180 mm diameter circular hole with a similar depth was cut
on the opposite side. In FIG. 224, an axially mounted trans-
mitter assembly 2115, acoustic mirror 2120 and array of 12
receivers 2130 were arranged along the length of the barrel
2110. The transmitter signal was first recorded in a water
trough.

Reflection data were recorded by several receivers in the
array from one source with one azimuth and one inclination at
one transmitter location with the apparatus shown in FIGS.
21a and 215b. This data are commonly known as multi-offset
data in seismic industry. The received signals were correlated
with the chirped beam signal and a deconvolution of the
source signal was subsequently performed in accordance of
standard signal processing theory. The resulting deconvolved
signal is shown in FIG. 22. This would correspond to an offset
panel display in surface seismology. Various direct linear
arrivals of propagation along the borehole walls and reflec-
tions from the outer walls are visible.

The experiment was repeated for multiple azimuths in five
degree increments and the example results are displayed in
offset displays for multiple azimuths in FIG. 23. The figure
shows a sequence of displays of multiple azimuth offset pan-
els covering 35 to 145 degrees of azimuth. The x-axis is scaled
in trace number and each offset panel has 12 traces with
consecutive panels correspond to five degrees increment. The
reflection signals from outside the borehole are visible in
various azimuth sections. The travel time of the reflection
signals clearly show variation in arrival times corresponding
with the variability of the dimension of the outside wall.

The same data can be re-sorted to display the detected
signal for a single source receiver spacing, commonly known
in seismic industry as offset spacing, versus azimuth as shown
on FIG. 24. The geometric image of the groove is quite
evident in the figure. The experiment can be repeated with
different source beam inclination to provide more directional
scanning and redundancy to improve the image.

The 3D borehole seismic reflection data collected by the
described system can be processed through various imaging
algorithms adapted from standard 3D imaging. For example
each time the source radiates energy into one orientation of
the mirror, the illuminating wavefield is characterized by the
directivity of the source/mirror system and the Green’s func-
tion between the source and any point inside the borehole
and/or formation. The reciprocal path from receiver to any
point inside the borehole/formation may be similarly consid-
ered as the combination of a directivity function and a
Green’s function. The modeled response from any point in
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the medium due to a particular source and receiver is the
convolution of those source and receiver functions. At any
point in the medium, the image contribution from each
source/receiver pair is taken as the value of the zero-lag from
the cross-correlation of the modeled response function with
the recorded data. This particular system has certain geo-
metrical features which may be exploited, such as replacing
the source and mirror with a virtual source radiating through
a mirror shaped aperture and exploiting cylindrical symme-
try.

The recordings of the received waveforms are processed to
generate an image of the reflection or transmission character-
istics of the formation. The propagation direction of the beam
and the time-of-flight may fix the locations where scattered
waves are generated, distinguishing this device from normal
sonic imaging techniques using conventional non-directional
monopole and dipole sources. An associated effect of using a
beam compared with conventional sources is that the compu-
tation of an image of formation acoustic properties may not
require a detailed specification of the rock formation’s veloc-
ity field. The propagation direction of the beam and the time-
of-flight measurement simplify and improve the ability to
identify the location where the waves are reflected or scat-
tered. In particular, the knowledge of the orientation of the
beam exiting the tool localizes the sources of recorded scat-
tered waves along the beam direction, and the time delay
localizes the position of scattered sources along the beam
path. Thus, the borehole imaging with a beam source may
present a simplification and reduction in uncertainty of the
final time image in contrast to conventional (not beam)
sources which require an accurate detailed velocity model for
computation ofthe 3D image. Furthermore, because the beam
is focused and steerable, in azimuth and inclination with
respect to the borehole, the imaging would tend to have higher
resolution than obtained with a conventional (not beam)
source. The method allows for detailed imaging of features
including invaded zones, cement bonding with casing, dam-
aged zones, fractured zones, stratigraphic layering particu-
larly at high apparent dip (the angle between the plane of the
bedding and the plane perpendicular to the tool axis). The
broad band difference beam frequency for the invention
ranges from 1 kHz to 100 kHz. The low end of this frequency
range, also used by some conventional sonic logging tools,
achieves a depth of penetration up to one hundred feet. It is
important to note that, because the beam is broadband and can
be encoded, the signal to noise ratio of the detected signal may
be considerably enhanced after processing and decoding.
Because of the broadband beam characteristics with gener-
ally greater depth of penetration and higher signal to noise
ratio due to encoding, the method also may allow for detailed
imaging and/or characterization of non-linear properties of
rock formation and its fluid contents surrounding the bore-
hole.

The various acoustic beam sources described in detail
above can be used in many applications derived from imaging
around the borehole. For example, the above-described
acoustic beam sources can be used for various evaluation of
natural fractures, mapping of vugs, nodules or other inhomo-
geneities, evaluation of the presence and properties of the
cement sheath between one or more casing strings and the
formation around a cased well, mapping fluid invasion from
the borehole and assessment of the mechanical integrity of the
formation around the wellbore, in particular any alteration
caused by the near wellbore stress concentration. There are
additional applications for the compact source in fields such
as non-destructive testing.
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The various configurations described in detail above are for
the purposes of illustration only. Modifications to the con-
figurations can be made for other applications without depart-
ing from the invention. For example, in the Logging While
Drilling (LWD) and pipe conveyed configurations, using
technology that allows the tool to pass through the bottom of
the drill string, the compact acoustic beam generation device
will enable efficient look ahead of the bit resulting in the
detection of over-pressured zones or significant changes in
the rheology of the formation before they are reached by the
drill-bit. Steering of the beam also enables the indirect mea-
surement of the dip and azimuth of reflecting bodies ahead of
the bit. Another application is the detection of fault geometry
ahead of the bit.

The term “lens,” as used herein, should be understood to
include both refractive and reflective structures and materials
as will be appreciated by those skilled in the art.

Although the invention has been described in detail for the
purpose of illustration based on what is currently considered
to be a variety of useful embodiments, it is to be understood
that such detail is solely for that purpose and that the invention
is not limited to the disclosed embodiments, but, on the con-
trary, is intended to cover modifications and equivalent
arrangements that are within the spirit and scope of the
appended claims. For example, though reference is made
herein to a computer, this may include a general purpose
computer, a purpose-built computer, an ASIC including
machine executable instructions and programmed to execute
the methods, a computer array or network, or other appropri-
ate computing device. As shown in FIGS. 10 and 14, the data
collected by the receivers would undergo some processing
and are either stored in memory in the tool, or transmitted up
hole for further processing and storage. As a further example,
it is to be understood that the present invention contemplates
that, to the extent possible, one or more features of any
embodiment can be combined with one or more features of
any other embodiment.

What is claimed is:

1. A method of generating a collimated pulse of acoustic
energy in a borehole, the method comprising:

generating a first broad-band acoustic pulse at a first broad-

band frequency range having a first central frequency
and a first bandwidth spread;

generating a second broad-band acoustic pulse at a second

broad-band frequency range different from the first
broad-band frequency range having a second central
frequency and a second bandwidth spread, wherein the
first acoustic pulse and second acoustic pulse are gener-
ated by at least one transducer arranged on a tool located
within the borehole; and

transmitting the first and the second broad-band acoustic

pulses into an acoustically non-linear medium, wherein
a composition of the non-linear medium produces a
collimated pulse by a non-linear mixing of the first and
second acoustic pulses,

wherein the collimated pulse has a central frequency equal

to a difference in frequencies between the first central
frequency and the second central frequency and a band-
width spread equal to the sum of the first bandwidth
spread and the second bandwidth spread.

2. The method in accordance with claim 1, wherein the
frequency range of the collimated acoustic pulse has a central
frequency that is between 15 kHz and 120 kHz.

3. The method in accordance with claim 1, wherein the
non-linear medium is selected from the group consisting of: a
mixture of liquids, a solid, a granular material, embedded
microspheres, an emulsion, and a combination thereof.
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4. The method in accordance with claim 1, wherein the
bandwidth spread of the collimated pulse is between 50% and
200% of the first central frequency.

5. The method in accordance with claim 1, wherein the
bandwidth spread of the collimated pulse is between 50% and
200% of the second central frequency.

6. The method in accordance with claim 1, further com-
prising transmitting the collimated pulse into a material
around the borehole.

7. The method in accordance with claim 6, wherein the
material is rock formation, cement, or casing, or combina-
tions thereof.

8. The method in accordance with claim 1, wherein the
non-linear medium has a velocity of sound between 100 m/s
and 800 m/s.

9. The method in accordance with claim 1, further com-
prising reflecting and guiding the collimated acoustic pulse
by an acoustic mirror.

10. A wireline or pipe conveyed logging tool positionable
within a borehole, the tool comprising:

a housing;

at least one transducer, carried by the housing, and config-

ured to produce a first acoustic pulse at a first frequency
range having a first central frequency and a first band-
width spread and a second acoustic pulse at a second
frequency range different from the first frequency range
and having a second central frequency and a second
bandwidth spread; and

a non-linear medium carried by the housing, wherein a

composition of the non-linear medium is configured to
produce a collimated pulse by a non-linear mixing of the
first and second acoustic pulses,
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wherein the collimated pulse has a frequency equal to the
difference in frequencies between the first central fre-
quency and the second central frequency and a band-
width spread equal to the sum of the first bandwidth
spread and the second bandwidth spread.

11. The tool in accordance with claim 10, wherein the
frequency range of the collimated acoustic pulse has a central
frequency that is between 15 kHz and 120 kHz.

12. The tool in accordance with claim 10, wherein the
non-linear medium is selected from the group consisting of: a
mixture of liquids, a solid, a granular material, embedded
microspheres, an emulsion, and a combination thereof.

13. The tool in accordance with claim 10, wherein the
bandwidth spread of the collimated pulse is between 50% and
200% of the first central frequency.

14. The tool in accordance with claim 10, wherein the
bandwidth spread of the collimated pulse is between 50% and
200% of the second central frequency.

15. The tool in accordance with claim 10, wherein the tool
further comprises structure constructed and arranged to direct
the collimated pulse into a material around the borehole.

16. The tool in accordance with claim 15, wherein the
material is rock formation, cement, or casing, or a combina-
tion thereof.

17. The tool in accordance with claim 15, wherein the
non-linear medium has a velocity of sound between 100 m/s
and 800 m/s.

18. The tool in accordance with claim 15, wherein the
structure comprises an acoustic mirror configured to reflect
and guide the collimated acoustic pulse.
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